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 1 
 
Resum 
 
Els sistemes aquàtics estan subjectes a la pressió de múltiples pertorbacions que afecten 
l'estructura i el funcionament de les comunitats i els ecosistemes. Una de les principals 
pressions antropogèniques que afecten als ecosistemes aquàtics és la contaminació. La 
producció química a gran escala ha donat lloc a l'alliberament de substàncies d’origen 
agrícola, industrial i urbà als sistemes fluvials. Aquesta contaminació és una amenaça 
complexa i múltiple, degut a la diversitat de compostos presents i a la dinàmica i la 
interacció d'aquests amb els compartiments físics (aigua, sediments) i biològics 
(organismes). A les conques fluvials mediterrànies, on la variabilitat hidrològica és 
important, aquesta contaminació és motiu d'especial preocupació especialment en el 
període d’estiatge, quan disminueix la capacitat de dilució del riu degut als baixos cabals. 
A més dels contaminants prioritaris legislats, molts estudis han posat de manifest la 
presència generalitzada de microcontaminants, també anomenats contaminants 
emergents. Aquesta tesi proporciona evidència dels efectes dels contaminants emergents 
i prioritaris en les comunitats d'invertebrats en quatre conques mediterrànies de la 
Península Ibèrica: l'Ebre, el Llobregat, el Xúquer i el Guadalquivir, emprant  mètodes 
ecològics, biomarcadors d'organismes exposats, i bioassaigs in vitro i in vivo. Els efectes 
ecotoxicològics s’han detectat a nivell de comunitat, de població i d’individu, i s’ha vist que 
tant els contaminants presents a l’aigua com els acumulats en els sediments superficials 
afecten l’estructura de la comunitat (riquesa específica i abundàncies). També s’ha vist que 
la contaminació afecta la capacitat de reproducció (nombre d’ous), el desenvolupament, 
l’alimentació, el creixement i l’activitat d’enzims antioxidatius (catalasa). En concret, els 
principals responsables de l’alt risc ecotoxicològic identificats han estat els plaguicides, els 
alquilfenols industrials, i els metalls. Addicionalment, la tesi es completa amb un 
experiment de laboratori on es testen els efectes directes i indirectes de dos contaminants 
concrets, actuant alhora, en el detritívor Gammarus pulex. Aquesta tesi integra 
aproximacions observacionals i experimentals de múltiples disciplines ambientals (química 
ambiental, ecotoxicologia i ecologia) per dilucidar els efectes dels diferents contaminants. 
La combinació dels assajos experimentals amb estudis de les comunitats naturals permet 
comprendre millor els efectes de les pertorbacions a diferents escales i prevenir la 
degradació dels ecosistemes aquàtics, així com millorar la seva gestió. 
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General introduction 
 
Aquatic systems are under pressure from a high number of different stressors, including 
climate change, habitat deterioration, emerging pathogens, geomorphological and 
hydrological alterations, land use changes, water abstraction, invasive species, pathogens, 
freshwater salinization, and pollution (Cañedo-Argüelles et al., 2013; Sabater, 2015; 
Vörösmarty et al., 2010). The cumulative impact of these multiple stressors acting 
simultaneously affects the structure, the functioning, and most definitely the health of 
species and ecosystems (Burton et al., 2012; Sabater, 2015). However, little is known 
beyond the effects of single stressors on the chemical and ecological status of water 
bodies and their ecosystem functionality. This lack of knowledge limits our capacity to 
understand ecosystem responses to multiple stressors in aquatic systems, and more 
specifically in rivers (Friberg, 2010; Navarro-Ortega et al., 2015). 
 
1. Pollution 
 
Since the Industrial Revolution, the impact of human activities on ecosystems has 
increased markedly, particularly affecting the health of aquatic environments and the 
goods and services that they provide. The world population is increasing, and by the year 
2050 it is expected to have risen to more than 9 billion (UN, 2013). Everyone has a right to 
sufficient raw materials, healthy food, and an adequate quality of life, but unless we 
change our lifestyles and production methods, by 2050 our descendants will need almost 
three times as many resources as the Earth can provide (WWF, 2010). One of the main 
human pressures affecting the Earth’s ecosystems is chemical pollution. In fact, chemical 
pollution has recently been identified as one of the planetary boundaries for which 
continued impacts could erode the resilience of ecosystems and humanity (Diamond et 
al., 2015). Large-scale chemical production has led to the release of these chemicals from 
agricultural, industrial, and municipal waste, into riverine, transitional, and marine waters. 
These pollutants can cause harmful effects on aquatic species and communities, in turn 
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causing severe negative impacts on the structure and functioning of ecosystems, the 
goods and services they provide, and eventually on human prosperity and health. 
 
1.1. Pollutants 
Chemicals are an essential part of our daily lives. They are used in manufacturing, in 
construction, in agriculture, and in other industries to produce consumer goods such as 
clothing, cleaning products, cosmetics, food, toys, insecticides, paints, and 
pharmaceuticals. The global production of chemicals has increased from 1 million tonnes 
in 1930 to several hundred million tonnes today. In addition, very few of these chemicals 
have been subject to adequate risk assessment for adverse effects (Diamond et al., 2015; 
Sabater, 2015). The European Regulation (REACH, 2015) requires chemicals manufactured 
or imported in the EU at or over one tonne a year to be registered, and it is expected that 
at least 30,000 existing chemicals will be registered in this category by 2018 (ECHA, 2015). 
A wide diversity of hazardous substances is released into the environment at different 
stages of their life cycle, from production, processing, manufacturing, and use, to their 
eventual disposal. These emissions arise from a wide range of diffuse and point sources, 
including agriculture and aquaculture, industry, oil exploration and mining, transport, 
shipping, and waste disposal, as well as our own homes. The links between the emissions, 
environmental concentrations, exposure, and adverse effects of these chemicals are 
complex and still poorly understood. 
 
Apart from well-known pollutants, called priority pollutants (see section 1.2.), many 
studies have revealed the widespread occurrence of low level concentrations of organic 
micropollutants (e.g., pharmaceuticals, natural and synthetic hormones, flame retardants, 
illicit drugs, perfluorinated compounds) and their metabolites in the aquatic environment 
(Boyd et al., 2004; Montgomery-Brown and Reinhard, 2003; Schwarzenbach et al., 2006). 
These compounds, called emerging contaminants (ECs), are not regulated and knowledge 
of their effects on natural systems is scarce. Besides concerns about exposure to individual 
substances, awareness is growing with regard to the importance of mixtures of several 
chemicals, as found in the more polluted water bodies of Europe (e.g., Brack et al., 2009; 
Ricart et al., 2010; Schäfer et al., 2011; Wolfram et al., 2012). 
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Mixtures of contaminants with similar or different modes of action (MoA) can produce 
additive effects, but also synergistic effects, whereby the observed effect is higher than 
the effect predicted with the independent action (IA) model, or antagonistic effects, 
whereby it is lower than the predicted effect (De Coninck et al., 2013). However, it is 
difficult to identify synergisms and antagonisms. Information about the specific MoA is 
necessary to differentiate groups of chemicals with sufficiently separate MoA to support 
IA. In addition, the MoA can vary between organism groups and this further complicates 
risk assessment (EFSA, 2013). Experimental evidence indicates that in realistically occurring 
environmental mixtures, the number of chemicals required to determine the cumulative 
effect is relatively low, and thus, as a default conservative option, the classical 
concentration addition (CA) model is usually proposed for risk assessment of chemical 
cocktails (Cedergreen, 2014; Ermler et al., 2011; European Food Safety Authority, 2013; 
Scholze et al., 2014). 
 
We will briefly explain the main characteristics of the different groups of pollutants 
analyzed in the project: 
 
Persistent organic pollutants 
Persistent organic pollutants (POPs) are a group of compounds that are very resistant to 
degradation and are persistent in the environment. They tend to bioaccumulate in higher 
trophic levels, and undergo long-range atmospheric transport (Muir and Howard, 2006; 
Vallack et al., 1998; Wania and Mackay, 1999). This thesis includes two important groups 
of POPs: polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs). 
PAHs are unintentionally produced by-products. They are widespread throughout 
environmental compartments including air, water, sediment, and soil (Kaya et al., 2013; 
Motelay-Massei et al., 2004; Odabasi et al., 1999). PAH sources can be natural (forest fires 
and volcanic activities) or anthropogenic (motor vehicles, waste incineration plants, 
domestic heating, oil refining, liquefying plants, coal gasification, asphalt production, coke 
and aluminum production, activities in petroleum refineries, and other industrial 
processes) (Odabasi et al., 1999; Pelkonen and Nebert, 1982). Although PAHs do not 
appear in the Stockholm Convention POP list, they are of environmental concern  and 
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many of them are carcinogenic or mutagenic (Lohmann et al., 2007; Muir and Howard, 
2006). 
PCBs were mainly used between the 1930s and the 1970s as coolants and hydraulic fluids 
because of their relatively low flammability, while due to their excellent dielectric 
properties they were used in transformers, capacitors, pump motors, microwave ovens, 
paints, as oil additives, and in other industrial applications (Badawy et al., 2010; Hedgecott, 
1994). However, the production and use of PCBs have been banned in many countries for 
decades because of their hazardous properties. Nonetheless, due to their previously 
widespread use, their improper disposal, and their persistence, PCBs have become a 
worldwide contaminant and were one of the first 12 substances listed under the 
Stockholm Convention (US EPA, 2009) . Part of the world production has been destroyed 
but large amounts remain in use or await destruction, while unknown amounts of PCBs 
are still present in various environmental compartments. Surficial sediments in aquatic 
systems constitute one of the primary locations for PCB accumulation in the environment, 
as confirmed by numerous studies (Cardellicchio et al., 2007; Eljarrat et al., 2005; Vane et 
al., 2007; Zhang et al., 2010). 
Pesticides 
Pesticides are released into the environment following their use as insecticides, acaricides, 
fungicides, or herbicides. Multiple wastes are generated and widely distributed 
throughout the territory as a result of pesticide application in plantations, crops and 
orchards. Water catchments are very vulnerable to contamination because these 
chemicals have a high potential to reach the aquatic environment after application via 
runoff, agricultural stormwater discharges, and return flows from irrigated fields (Campo 
et al., 2013; Damásio et al., 2011). Subsequently, pesticides can remain in water, 
accumulate in sediment, or bioaccumulate in biota, depending on their solubility, and 
even at low concentrations they have the potential to cause adverse effects on the 
environment (Kuster et al., 2008). In fact, pesticides are among the best ecotoxicologically 
characterized and regulated groups of contaminants and several studies have reported 
effects on local biodiversity of both freshwater and terrestrial systems (Beketov et al., 
2013; Halstead et al., 2014; Schäfer et al., 2007). Although various pesticides are currently 
included in the list of priority substances in EU regulations, many others are still 
unregulated (Proia et al., 2013). 
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Among the groups of pesticides of major concern are insecticides. As Rachel Carson 
pointed out in her famous book, “Silent Spring”, from the mid-twentieth century there 
has been a growth in the production of synthetic chemicals with insecticidal properties. 
The majority of insecticides currently in use are organophosphorus (OPs), carbamate, and 
synthetic pyrethroid compounds and neonicotinoids. OPs have become one of the most 
widely used classes of insecticides worldwide because of their relative non-persistence in 
the environment. Although most of these compounds offer the advantage of rapid 
degradation in the environment, they generally lack target specificity and have high acute 
toxicity toward many non-target vertebrate and invertebrate species (e.g., Barata et al., 
2004; Mehler et al., 2008). 
Pharmaceutical active compounds 
Pharmaceutical active compounds (PhACs) are ECs that have aroused great concern in 
recent decades. Around 3,000 different PhACs (Richardson and Ternes, 2005) of different 
therapeutic classes are used in human medicine in the European Union, where Spain ranks 
fifth in Europe’s top pharmaceuticals market (IMS Health; www.farmaindustria.es). 
Human and veterinary drugs are continuously being released into the environment, 
mainly as a result of manufacturing processes, the disposal of unused or expired products, 
and excreta, and despite WWTP treatments, they reach surface and ground waters. In the 
worst-case scenario, they have even been detected in drinking water (Barceló et al.,  2013). 
Levels of PhACs detected in WWTP effluents are in the range of μg/L, whereas the levels 
are lower in river and groundwater, generally in the ng/L range. However, the continuous 
introduction of PhACs and their metabolites into the environment may lead to high long-
term concentrations and promote continual, but unnoticed, adverse effects on organisms. 
The potential ecological significance of many PhACs remains unknown, and few studies 
have addressed their impact on non-target species, particularly with respect to potential 
disturbances in hormonal homeostasis (endocrine disruption), immunological status, or 
gene activation and silencing during long-term exposure (Fent et al., 2006; Sanderson, 
2003). In urban areas, the presence of PhAC mixtures is common, and the combined 
effects of these mixtures should also be addressed. 
The analytical methodology for determining trace PhACs in different matrices is complex 
and is still evolving (Barceló et al.,  2013). The most frequently detected and studied 
General introduction and objectives 
18 
 
compounds in the aquatic environment are antibiotics, but other therapeutic groups are 
also frequently detected in water, including analgesics, anti-inflammatories, β-blockers, 
lipid regulators, anti-epileptics, and antidepressants (Gros et al., 2010; Petrović et al., 
2014). 
Endocrine disrupting compounds 
Endocrine disrupting compounds (EDCs) are a group of ECs that are hormonally active at 
low concentrations. They have the potential to modulate or disrupt the synthesis, 
secretion, transport, binding, action, or elimination of endogenous hormones in the body 
and consequently to affect the homeostasis, development, reproduction, and behavior of 
organisms. Moreover, these effects at low doses sometimes cannot be predicted by 
effects at higher doses. Some of the EDCs, called xenoestrogens, show estrogenic activity 
and can interfere in the processes of transmission of biochemical information because 
they mimic the effects of endogenous estrogens and thus affect the reproduction and 
development of organisms. Examples of ubiquitous xenoestrogens include nonylphenol, 
octylphenol and bisphenol A (BPA). Other EDCs, such as alkylphenols and flame 
retardants, accumulate in organism tissues (David et al., 2009; Soares et al., 2008) and are 
biomagnified through the food web (Nilsen et al., 2014), affecting organisms at a 
subcellular level. 
Perfluorinated compounds 
Perfluorinated compounds (PFCs) encompass a large group of highly stable, synthetic 
industrial compounds that have been widely used for more than 60 years to make stain 
repellents and in the manufacture of paints, adhesives, waxes, polishes, metals, 
electronics, fire-fighting foams, and caulks, as well as greaseproof coatings for food 
packaging. Over the last decade, these compounds have attracted scientific and 
regulatory attention due to their high resistance to degradation and their 
bioaccumulation attached to proteins, biomagnification in the food chain, toxicological 
effects, and widespread distribution around the globe (Fernández-Sanjuan et al., 2013; 
Onghena et al., 2012). Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid 
(PFOA) have received the most attention because of their widespread global distribution 
in the blood of the general population and in wildlife, even in places far from any obvious 
sources (Richardson and Ternes, 2014). The analysis of these compounds in complex 
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matrices (e.g., biota) remains difficult and further research is needed regarding their 
ecotoxicological effects. 
Metals 
Heavy metals are natural components of the Earth's crust. As trace elements, some heavy 
metals (e.g., copper, zinc) are essential to maintain the metabolism of organisms. 
However, they can be toxic at higher concentrations and can bioaccumulate in tissues. 
Heavy metals enter freshwater ecosystems from sources in the catchment area such as 
industrial or mining activities (e.g., lead, zinc, copper), agricultural non-point sources (e.g., 
arsenic, copper), or natural, geogenic processes (e.g., lead, chromium, nickel) (Förstner, 
2004; Kowalik et al., 2003). Metals tend to accumulate in sediments, do not degrade and 
represent a significant threat to benthic organisms. 
 
1.2. European legislation 
 
In 2000, the European Environment Agency (EEA), the legal entity set up to support the 
European Union in the development and implementation of environmental policy, 
published the Water Framework Directive (Directive 2000/60/EC) (European Comission, 
2000). This directive commits European Union member states to achieve good qualitative 
and quantitative status of all water bodies by 2015. The steps stipulated in the WFD to 
reach this common goal take the effects at population and community level into account 
and are based on the use of specific indices and ecological quality ratios together with 
hydromorphological and chemical indices. Article 16 of the WFD requires the European 
Commission to identify priority substances (PSs) among those presenting a significant risk 
to or via the aquatic environment, and to set EU Environmental Quality Standards (EQSs) 
for these substances in water, sediment and/or biota (Directive 2008/105/EC or EQSD). In 
addition, EQSs will be used to set limits on discharges into water bodies, so that chemical 
emissions do not exceed EQSs in the receiving water (European Comission, 2008). 
The concentration limits of PSs are defined both in terms of annual average and maximum 
allowable concentrations, with the former protecting against long-term chronic pollution 
problems and the latter against short‑term acute pollution (EU Parliament, 2008). Some 
of these pollutants have been designated as priority hazardous substances (PHSs) due to 
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their toxicity, their persistence in the environment, and their bioaccumulation in organism 
tissues. The EQSD requires cessation or phasing-out of PHS discharges, emissions, and 
losses. In 2001, a first list of 33 priority substances was adopted (Decision 2455/2001) 
(European Comission, 2001) and in 2008, the EQSs for these substances were established 
(European Comission, 2008). Article 16 of the WFD requires the Commission to 
periodically review the list of priority substances, and in 2011, a proposal for a directive 
amending the WFD and EQSD (COM(2011)876) was published that included a revised list 
of priority substances as well as provisions to improve the functioning of the legislation. 
The WFD was refined and complemented with Technical Guidance Document no. 27 
containing instructions for deriving biota, water column and sediment EQSs and specific 
information on setting EQSs for metals taking into account speciation and bioavailability 
(European Comission, 2011). 
In 2013, the Commission conducted another review of the list of priority substances, 
extending EQSs to newly identified substances, revising the EQSs for some existing 
substances in line with scientific progress, and setting biota EQSs for some existing and 
newly identified priority substances. Chemical status assessment is currently based on 
compliance with legally binding EQSs for 53 selected chemical pollutants (PSs) of EU-wide 
concern (European Comission, 2013). Ecotoxicological tools, namely biomarkers and 
bioassays, have also been proposed to contribute to integrating chemical and biological 
indices, and thus provide an overall insight into the quality of a water body (Martinez-
Haro et al., 2015). 
We are currently in the year 2015 and 'good status' for all water bodies has not been 
achieved; around 47% of EU water bodies covered by the Directive have failed to achieve 
the aim (European Environment Agency, 2015). Recent information on the chemical status 
of Europe's surface water bodies indicates that in general terms, a variety of hazardous 
substances pose a threat to good chemical status in Europe. These include substances 
such as mercury, tributyltin (TBT), and PAHs (EEA, 2011). 
 
Although regulation has led to documented reductions in the emissions of some 
substances (e.g., PCBs) to air and water, their persistence and ubiquity, particularly in 
sediment and biota, mean that they continue to pose a risk to aquatic environments even 
at sites far from human activity. In addition, the presence of mixtures of contaminants 
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seems to be a generalized problem in European water bodies (Kolpin et al., 2002; Loos et 
al., 2009). This focus upon a few preselected priority substances entails a strong risk of 
overlooking other problematic compounds or the effects of these chemical mixtures. 
Exhaustive hazard assessments leading to EQSs are performed for priority pollutants, but 
this is not the case for most of the chemicals recently detected in the environment (ECs). 
A big challenge today is to develop systematic methods for addressing chemical mixtures 
in environmental assessment (Altenburger et al., 2015). 
Turning to the sediment compartment, within the EU there is an absence of uniformity in 
sampling methods and analytical techniques, and in the application of quality standards 
or guideline values for sediment quality assessment (Brils, 2008). The technical guidance 
document published in 2011 (WFD, 2011) suggests a tiered assessment framework for 
sediments. The use of different lines of evidence, for example a Triad approach (sediment 
toxicity tests and aquatic toxicity tests in conjunction with partition equilibrium and field 
or mesocosm studies), is proposed to generate EQSs (e.g., de Deckere et al., 2011; Kwok 
et al., 2014). Thus, another challenge in the quest to achieve 'good ecological status’ of 
surface waters is to develop and apply appropriate guidelines for the suitable 
management of sediments (Crane and Babut, 2007; de Deckere et al., 2011b). 
 
1.3. Ecotoxicological toolbox 
 
Toxicity is the degree to which a substance can damage an organism, i.e., it is the 
relationship between chemical agents and biological systems. Toxicity can refer to the 
effect on a substructure of the organism, such as a cell, a tissue, or an organ, as well as 
the effect on the entire organism. Thus, and by extension, toxicity may be used to describe 
the effects of pollutants on larger groups, such as the population, the community, or the 
entire ecosystem. The impact of a toxicant depends on the mode of action and the relative 
sensitivity of the species, community, or ecosystem, as well as the intensity and timing of 
exposure. The number and variety of interactions increase dramatically with increasing 
levels of biological complexity (Traas and van Leeuwen, 2007) (Fig. 1), rendering 
interpretation more difficult. Ecotoxicology is the study of the mechanisms by which 
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pollutants disrupt normal biological performance in order to develop appropriate 
measures to prevent adverse outcomes resulting from environmental contaminants. 
Different tools are currently used in order to link the chemical and ecological quality of 
aquatic ecosystems. Wernersson et al. (2015) have classified these tools into three main 
groups: ecological methods, biomarkers of field-exposed organisms, and in vitro and in 
vivo bioassays. We will briefly explain these effect-based tools, grouping them by levels 
of organization. 
1.3.1. Community level 
1.3.1.1.  Ecological methods 
Various organisms (e.g., fish, macroinvertebrates, and algae) have been widely used as 
biological indicators of the ecological quality of water since the mid-twentieth century 
(Cairns and Pratt, 1993). Aquatic macroinvertebrates are particularly good indicators of 
stream quality because they are affected by the physical, chemical, and biological 
conditions of the stream, they form a critical part of the river food web, and some of them 
are very intolerant of pollution; hence, they can show the cumulative impacts of pollution 
and habitat degradation not detected by traditional water quality assessments (Cairns and 
Pratt, 1993; Bonada et al., 2006). Furthermore, this group is relatively easy to sample and 
identify. 
Changes in the composition and structure of communities that live in the aquatic 
ecosystem may indicate a modification in water quantity and quality. A reduction in 
structural diversity and functional diversity (Jungwirth et al., 2000) is related to 
physicochemical changes, nutrient and pollutant input, geomorphological modification of 
their habitat, and the introduction of invasive species. The more sensitive species respond 
to disturbances and thus enable us to detect and study the ecological status of the 
ecosystem. 
1.3.2. Population and individual level 
1.3.2.1. Biomarkers 
Biomarkers are xenobiotically induced variations in cellular biochemical components, 
processes, structures, or functions that are measurable in a biological system or sample 
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(Committee on Biological Markers of the National Research Council, 1987). One of the key 
functions of biomarkers is to provide an early warning signal of significant biological 
effects (Lionetto et al., 2004; Pfeifer et al., 2005) at the molecular, biochemical, and 
physiological level, and also at the organism, population, and even community or 
ecosystem level. We will focus on the biomarkers studied in this thesis: 
Reproduction and development 
Pollution and environmental factors influence the reproductive effort of species and 
development of the offspring. Exposure to stressors can occur in all life stages, including 
early life stages before the reproductive stage (e.g., egg, larvae). Reproductive output, 
normal development and sexual maturation determine the success of the next generation. 
Thus, development and reproduction are considered ecologically relevant endpoints to 
assess the acute and chronic effects of pollution. In particular, the presence of EDCs in the 
environment can modify the reproductive success and sustainability of populations by 
interfering with the hormone system of organisms (Schmidt et al., 2011; Schmitt et al., 
2012; Tetreault et al., 2011). Numerous investigations have demonstrated the effects of 
xenoestrogenic compounds not only on fish and amphibians, but also on some 
invertebrate species (e.g., Matthiessen and Gibbs, 1998; Oehlmann et al., 2007; Tillmann 
et al., n.d.; Vogt et al., 2007; Watts et al., 2001). Low-dose effects have been detected in 
full life cycle experiments with invertebrates (Segner et al., 2003). However, further 
research is needed to better understand the effects of xenoestrogens on invertebrate 
species. 
An example of the use of these biomarkers is described in Chapter 6. 
Feeding and growth rates 
Many abiotic factors can modify the feeding and growth rates of species and may also 
determine changes in diet. Feeding responses can be used to detect lethal and sublethal 
responses that are biologically linked to key ecological processes such as organic matter 
processing (Barata et al., 2007; Maltby, 1999). Feeding rate is known to be sensitive, robust, 
and ecologically relevant, particularly for amphipods (e.g., Bundschuh et al., 2011; Maltby 
et al., 2002; Zubrod et al., 2010) and cladocerans (e.g., Coen and Janssen, 1997; Damásio 
et al., 2008). It can also be used to assess the toxicological effects of specific pollutants 
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through indirect exposure (i.e., through leaf conditioning) (Maltby et al., 2002). See 
Chapter 7 for more information. 
Behavior 
Alterations in behavior are important mechanisms by which animals adapt to changes in 
their environment, including exposure to contaminants (Dell’Omo, 2002). The behavioral 
responses of organisms to toxicants may modify or prevent subsequent exposure. 
Furthermore, behavior is the final integrated result of biochemical and physiological 
processes, and has the advantage of being a very sensitive and non-invasive technique. 
Consequently, since behavior can be used to relate the biochemical and ecological 
consequences of environmental contamination, its ecological importance is obvious 
(Amiard-Triquet, 2009a; Hellou, 2011; Weis, 2014). Avoidance of contaminated food, 
migration, hibernation, isolation, breeding, and the formation of resistant structures all 
affect the exposure of organisms to pollutants. There is little behavioral data for many 
species, but behavioral endpoints are increasingly being used as biomarkers to assess 
chemical exposure and/or effect (Ballantyne et al., 2009; Melvin and Wilson, 2013). 
For example, locomotion (discussed in Chapter 7) is at the basis of practically all other 
complex behaviors due to its link with the physiological, metabolic, and neurological 
processes of animals and their anatomical condition, being at the same time important in 
inter- and intra-specific interaction between animals (Amiard-Triquet, 2009b; Baatrup, 
2009). The impairment of locomotion may affect other behaviors, such as feeding, 
predator avoidance, migration, foraging, and reproduction, which in turn may induce 
changes in population fitness and cause significant changes at the community level 
(Atchison et al., 1987; García-de la Parra et al., 2006; Nørum et al., 2011; Oliveira et al., 
2013). 
Biochemical biomarkers 
This group of biomarkers includes enzyme activities and other subcellular components, 
and significant efforts have been made in recent decades to study and promote their 
application as toxicological biomarkers (Adams, 2002). Of these, those reflecting 
disturbances in oxidative metabolism are of primary importance in ecotoxicological 
applications. Through different pathways, all pollutants can alter the natural balance 
Chapter 1 
 
25 
 
between pro-oxidant forces and antioxidant defenses by enhancing the formation of 
reactive oxygen species (ROS) and/or decreasing antioxidant efficiency (Benedetti et al., 
2015). Changes in detoxification mechanisms can lead to oxidation of proteins, lipids, and 
nucleic acids, causing damage in different cellular targets or even cell death (Lushchak, 
2011). For example, catalase (the biomarker used in Chapter 4), which catalyzes the 
decomposition of hydrogen peroxide to water and oxygen, is a very important enzyme in 
protecting the cell from oxidative damage by ROS. 
However, as with many other biomarkers, enzymatic activities related to oxidative stress 
appear to be influenced by different environmental parameters such as temperature or 
conductivity (e.g., Sroda and Cossu-Leguille, 2011; Vinagre et al., 2012). Thus, caution must 
be exercised when comparing data from sites that differ in environmental characteristics. 
1.3.2.2. Toxicity tests 
Laboratory toxicity tests are usually single-species tests than can be used to assess the 
potential for damage to an aquatic environment and to provide a database that can be 
used to assess the risk associated with a situation for a specific toxicant (e.g., ECOTOX US 
EPA). Ecotoxicological testing with single test species is a simplification of the community 
response, but in practice it is impossible to test a representative sample with such a variety 
of species. Thus, a selection of ecotoxicity tests must be performed taking into account 
the ecological function of the species, their representativeness of the site, their sensitivity 
to the pollutants, and the route of exposure or mode of action. Using these laboratory 
bioassays, we can study direct toxicity (a chemical acting at the site of action in or on the 
organism) and also indirect toxicity, which occurs with a change in the physical, chemical, 
or biological environment (e.g., through feeding, see Chapter 7). 
We can also distinguish between acute and chronic tests. Acute toxicity can be defined as 
the severe or lethal effects suffered by organisms from short-term exposure to toxic 
chemicals, usually from minutes to a few days. The objective of acute toxicity testing is to 
determine the concentration of a particular chemical that will elicit a specific response or 
measurable endpoint (NOECs, LOECs, or EC50s). In chronic toxicity tests, effects are 
studied over prolonged periods of exposure, often over entire life cycles, and the 
endpoints are usually sublethal (such as growth) or measurements of reproductive output. 
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These sublethal endpoints are considered more ecologically relevant, since they are early 
warning signals of individuals’ fitness (Galloway, 2006; Wu and Or, 2005). These tests can 
also be used to assess the toxicity associated with specific matrices (air, water, or 
sediment) (Chapter 5). 
 
2. Mediterranean basins 
 
The Mediterranean region is considered a global “hot-spot” in terms of climate 
variability and change, and rate of land transformation processes (Giorgi, 2006; 
Rosenzweig et al., 2007). Many human activities (tourism, industrial complexes, financial 
and commercial services, irrigation of productive land, and urban growth) are mainly 
clustered around coastal regions, but may also be located in small areas in inland regions 
(e.g., the Ebro and Guadalquivir valleys and big cities such as Barcelona). In addition, valley 
floors are being increasingly affected by reservoir construction and the expansion of 
urbanized areas (Garcia-Ruiz and Lasanta-Martinez, 1990; García-Ruiz et al., 2011). Due to 
a long history of anthropogenic impacts, including habitat degradation and species 
introduction, Mediterranean rivers are now one of the most vulnerable ecosystems 
worldwide (Bonada and Resh, 2013). Water pollution is a major threat to these rivers, 
despite substantial investment in waste water treatment plants (WWTPs) in recent 
decades (Petrovic et al., 2011; Prat, 2000; Sabater et al., 2009). The specific climate of 
Mediterranean regions significantly increases the effects of pollution (López-Doval et al., 
2013). Thus, the recovery of aquatic communities is hindered by the combination of 
ecological impacts and low river discharges (Rieradevall and Prat, 2006). 
Future scenarios for water resources in these regions predict significant changes in river 
regime characteristics, including an earlier decline in high flows from snowmelt in spring, 
an intensification of low flows in summer, more irregular discharges in winter, and a 
progressive decline in the average streamflow (García-Ruiz et al., 2011). In addition to 
severe flow alterations and an imbalance between water availability and use, studies have 
predicted impacts on agriculture, tourism, and industry, changes in biological 
communities, a decrease in nutrient uptake, primary production, and decomposition, and 
increased concentrations of pollutants (Green et al., 2013; Navarro-Ortega et al., 2012). 
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The ecological status of Mediterranean basins will thus be increasingly affected by both a 
scarcity of water, enhanced by climate change, and high pollution (Brack et al., 2015). 
 
3. The SCARCE project 
 
SCARCE (2009-2014) was a multidisciplinary project aimed at describing and predicting 
the scale of global change impacts on water-related issues (e.g., biodiversity, water 
availability, water quality, ecosystem services) in Mediterranean river basins of the Iberian 
Peninsula (the Ebro, the Llobregat, the Júcar, and the Guadalquivir), as well as their impacts 
on human society and the economy. The project brought together a multidisciplinary 
team of scientists (hydrologists, geomorphologists, chemists, ecologists, ecotoxicologists, 
economists, engineers), together with water authorities and other stakeholders. 
The SCARCE project had two complementary objectives: 
- To define the long-term patterns and present mechanisms of Mediterranean 
watersheds in terms of hydrology, water and sediment quality, habitat dynamics, 
and ecosystem structure and function. 
- To study the effects of climate and human footprint (both considered key elements 
of global change) on freshwater ecosystem services, and to address the urgent 
need to finalize, implement, and eventually refine the River Basin Management 
Plans (RBMP) in accordance with the EU Water Framework Directive. 
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Objectives 
 
This thesis focuses in the study of the effects of water and sediment pollution on the biota 
at different levels of organization, from the individual level to the community level, and 
by means of different tools (Fig. 1). Our main target is the invertebrate community and 
the thesis includes the analysis of the community responses working directly in the field, 
but also in laboratory to test the specific effects of water and sediment pollutants, as well 
as doing in situ experiments.  
 
Chapter 3: Analysis of monitoring programmes and their suitability for 
ecotoxicological risk assessment in four Spanish basins 
 
The main objective was to identify those chemicals most likely responsible of the 
environmental toxicological risk in the four SCARCE basins and to investigate the 
relationships between toxicological risk and biological status. The toxicological risk was 
evaluated through historical monitoring data compiled by different water authorities and 
applying the TU concept. Biological data compiled by water authorities was compared 
with TU results obtained. These analyses allow to evaluate whether a potential risk 
(measured as TU) accurately reflects the risk to the community or, alternatively, whether 
new criteria should be developed to improve the risk assessment.  
 
Chapter 4: Invertebrate community responses to emerging water 
pollutants in Iberian river basins 
We aimed to identify the relationships between the presence and the concentration of 
common, priority and emerging pollutants (Pesticides, PhACs, EDCs and PFCs) in water 
and changes in the invertebrate community. The study was developed in the four 
Mediterranean basins of the SCARCE project and the sampling was performed in the 
autumn period of two consecutive years (2010 and 2011). Structural (species composition 
and density) and functional variables were analysed to determine which of the pollutants 
would greatly influence invertebrate responses. Two functional biomarkers were studied: 
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the antioxidant enzymatic activity (catalase) of the trichopter Hydropsyche exocellata, and 
the inhibition of the feeding activity in the cladoceran Daphnia magna. Our hypothesis 
was that the structural (community) and functional (biomarkers) descriptors would change 
reflecting the pollution gradient. We expected a decrease in invertebrate community 
richness due to the absence of pollution-sensitive species in sites with higher levels and 
diversity of pollutants.  
 
Chapter 5: Ecotoxicity of sediments in rivers: Invertebrate community, 
toxicity bioassays and the toxic unit approach as complementary 
assessment tools 
Three main objectives were addressed in this chapter: (i) the study the sediment pollution 
of the SCARCE rivers and the determination of their associated toxicity using the TUs 
approach (iii) the study of the composition and density changes of the benthic 
invertebrate community and their relationships with the sediment quality and (iii) the 
implementation of a battery of toxicity bioassays with organisms of different organization 
levels to complement the ecotoxicological risk assessment. The toxicity tests used covered 
different trophic levels, from primary producers (Pseudokirschneriella subcapitata) to 
consumers (Chironomus riparius). We hypothesized that the invertebrate community 
changes would be related with pollutants accumulated in the sediment, and that the 
battery of bioassays would respond in a similar way, in relation to sediment pollution. We 
also thought that the different species would respond differently to the pollutants 
depending of the mode of action and the exposure time. 
 
Chapter 6: Is reproduction of the snail Physella acuta affected by 
endocrine disrupting compounds? An in situ bioassay in three Iberian 
basins 
The main aim of this chapter was to study lethal (survival) and sublethal (reproduction and 
development) effects in the freshwater gastropod Physella acuta in three of the rivers 
where EDCs have been detected using an in situ bioassay. In order to detect which 
compounds could be contributing in a greater extent to the effects, the endpoints 
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(number of clutches, eggs and hatching) were contrasted with EDC concentrations in river 
water and their estrogenic equivalent quotients (EEQs). We hypothesized that the 
reproduction and the development of the snails would be affected by the presence of 
EDCs and their estrogenicity. That is, those compounds with higher potential estrogenic 
activity would modify the reproductive and developmental responses, causing trans-
generational effects.  
 
Chapter 7: Direct and indirect effects of the antidepressant fluoxetine and 
the fungicide prochloraz in a leaf litter feeding experiment with 
Gammarus pulex 
We aimed to detect direct and indirect effects of two pollutants widely detected in 
European rivers, the fungicide prochloraz and the antidepressant fluoxetine, in a feeding 
experiment with the freshwater amphipod Gammarus pulex.  Concretely, we wanted to 
study the bottom-up effects of prochloraz on the amphipod through leaf litter 
conditioning (Alnus glutinosa), and the top-down effects of fluoxetine through water 
exposure. Our hypothesis was that both compounds would exert effects through different 
pathways in relation to their mode of action. We hypothesised that fluoxetine would 
directly affect the amphipods behavior and prochloraz would alter the microbial 
conditioning of the leaves and thus would indirectly (low quality of the food) affect the 
amphipod consumption. 
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Case studies 
 
1. The Llobregat 
The Llobregat river is the second longest river in Catalonia, with a total length over 170 
kilometers. The total area of the basin is 4948 km2 and it is one of Barcelona’s major 
drinking water resources (Catalonia, NE Spain).  
As a typical Mediterranean river is regularly subjected to periodic floods and droughts 
which lead to frequent morphological variations in the river bed. In fact, due the intrinsic 
variability of the Mediterranean climate, 3 dams were built in the headwaters of the basin, 
one of them in the main river. The middle sections of the river are impacted by salt mine 
activities, receiving saline wastes (sodium, chlorides and bromides). Additionally, it 
receives extensive urban and industrial waste water discharges as well as surface runoff 
from agricultural areas that cannot be diluted by its natural flow. Consequently, waters 
have high concentration of pesticides, surfactants, pharmaceuticals and estrogenic 
compounds with important effects on the biological communities (Brix et al., 2012; Muñoz 
et al., 2009; Ricart et al., 2010). On the other hand, during the last decades the forest land 
cover has increased and, consequently, the hydrology has experienced a significant runoff 
reduction (Poyatos et al., 2003). The reduced water flow and dilution capacity increase the 
potential environmental risk of pollutants. These multiple pressures severely compromise 
the integrity of this river ecosystem.  
Early studies in the 80s (Fernández-Turiel et al., 2003; Prat, 1999) demonstrated that the 
water quality of the watershed was deteriorated not only in the lower courses but also in 
the upper-middle part of the catchment. The installation of wastewater treatment plants 
and a collector to transport polluted mining wastewater helped to improve ecological 
quality. However, the middle and lower part of the main river still show a poor quality due 
to agricultural, urban and industrial pressures. The lower summer discharge intensifies the 
effects of organic and inorganic pollution. 
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2. The Ebro 
The Ebro river is the largest Iberian river flowing in the Meditarranean Sea and the largest  
in Spain. Its length is 928 km and the drainage basin occupies 85550 km², covering a 17.3% 
of the surface area of the country. The river generates the Ebro Delta, one of the largest 
wetland areas (320 km²) in the western Mediterranean region.  
The Ebro is largely regulated by dams, which have altered its hydrological and sedimentary 
regime. The total storage capacity is 7580 hm3 (Lassaletta et al., 2012). During the last 50 
years the mean annual flow has also decreased by approximately 40%, due to the 
construction of these dams but also due to a decrease in precipitation and the increase in 
water demands for irrigation and consumption and the increase of evapotranspiration 
due to forest land cover (Gallart and Llorens, 2003) Abstraction of ground and surface 
water for agricultural irrigation and industrial activities - concentrated close to the main 
cities in the basin- have deteriorated soil and water quality. Nutrient pollution is a concern 
in the middle and lower reaches, both related to industrial activities and non-point 
sources. Other sources of pollution are the mines close to headwaters, mercury pollution 
for the chloro-alkali industry, production and use of solvents and pesticides and flame 
retardants in the middle-lower reaches (Tockner et al., 2009). Different organic 
compounds, such as PAHs, alkylphenols and polybrominated diphenyl ethers, accumulate 
on sediments, and DDT and chlorobenzene have been detected at several sites (Lacorte 
et al., 2006).  
 
3. The Júcar 
The Júcar river basin is located at the East of Spain. It drains an area of 21632 km2, with 
an average precipitation of 510 mm/year, and the main river length is of approximately 
500 km. It is a much regulated basin, with a total reservoir capacity of 2643 hm3. The 
management of the system is very complex, due to the high water demand together with 
considerable hydrologic variability. In fact, the water demand frequently exceeds the 
available water resources. Agricultural uses account for nearly 80% of the water demand, 
but this appears to be stabilized, whereas urban and industrial demands are expected to 
increase (Ccanccapa et al., 2015). Water quality problems appear in the medium and lower 
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parts of the basin. In the medium part, agriculture leads to high nitrate concentrations in 
groundwater and surface water, whereas in the lower part there is a combination of 
agriculture, urban, and industrial pollution (Paredes-Arquiola et al. 2010). The main group 
of pollutants detected in the river are pesticides (organophosphorus, triazines and azoles), 
especially in the lower course (Belenguer et al., 2014; Ccanccapa et al., 2015; Kuzmanović 
et al., 2015), where the river presents a poor ecological quality (Martínez Mas et al., 2004). 
The Júcar river basin, managed by the Confederacion Hidrográfica del Ebro, was selected 
as The Pilot River Basin of the WFD in Spain in 2002. 
 
4. The Guadalquivir 
With a length of 657 km, the Guadalquivir is, together with its tributaries, the main water 
source of the southern Spain region, Andalusia, with more than 8 millions inhabitants. 
River regulation affects the main river and all large tributaries. There are 55 dams in the 
basin, with a potential water storage of 7109 mm3. Besides, more than 700000 ha of its 
basin are devoted to agriculture (olives, rice, fruits, orchards) especially in the river middle 
and lower courses which might result in water quality deterioration due to input of 
pesticides and fertilizers (Kuzmanović et al., 2015). The water demand is high and leads to 
water scarcity when rainfall is low (Tockner et al., 2009). 
As a consequence of the high population, the river receives many inputs, from both 
natural and anthropogenic origin, that may cause deterioration of water quality. Water 
treatment is still limited to larger urban areas, and smaller cities and villages still add 
untreated sewage waters directly to adjacent watercourses. Other pollution sources are 
related to industry and mining.  
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Abstract 
Data from four Spanish basin management authorities were analysed. Chemical and 
biological data from four Spanish basin management authorities were analysed, focusing 
on three consecutive years. Aims were to i) determine the chemicals most likely 
responsible for the environmental toxicological risk in the four Spanish basins and ii) 
investigate the relationships between toxicological risk and biological status in these 
catchments. The toxicological risk of chemicals was evaluated using the Toxic Units (TU) 
concept. With these data we considered if the potential risk properly reflects the risk to 
the community or, alternatively, if new criteria should be developed to improve risk 
assessment. Data study revealed inadequacies in processing and monitoring that should 
be improved (e.g., site coincidence for chemical and biological sampling). Analysis of the 
chemical data revealed high potential toxicological risk in the majority of sampling points, 
to which metals were the main contributors to this risk. However, clear relationships 
between biological quality and chemical risk were found only in one river. Further 
investigation of metal toxicity may be necessary, and future analyses are necessary to 
accurately estimate the risk to the environment. 
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1. Introduction 
The European Water Framework Directive (WFD) aims to protect the aquatic ecosystems 
of the Member States through the achievement of ‘good status’ for surface water bodies 
by the year 2015. Assessment of ecological status is based on three quality elements: 
biological, physico-chemical and hydromorphological. Biological Quality Elements include 
phytoplankton, macrophytes and phytobenthos, benthic invertebrates, and fish. These 
elements are evaluated in combination with hydromorphological quality (hydrological, 
regime, river continuity and morphological conditions) and physico-chemical elements 
(temperature, oxygenation, salinity, acidity and nutrients). The chemical status is assessed 
on the basis of the Environmental Quality Standards (EQS) for 33 regulated compounds 
(priority substances) and eight priority hazardous substances identified from previous 
legislation and EQS for basin-specific pollutants (European Commission, 2008). Each 
Member State is responsible for developing appropriate monitoring and assessment 
methodologies to determine the status of each water body and the amount of those 
specific compounds that could endanger natural communities. Specific pollutants are 
considered among other parameters in designating the ecological status classification. 
Compliance with EQSs for specific pollutants is evaluated in the assessment of ecological 
status. If the EQSs for these substances are not met, the status of the water body cannot 
be classified as ‘good’, even if biological quality is high.  
In assessing chemical stress, water agencies develop different programs (survey, 
operational and investigative) to monitor water quality. These data are not used directly 
for EQS derivation but can help identify critical data, critical sites or sensitive taxa to the 
implementation of effective control measures. For example, Crane et al. (2007) describe 
techniques for estimating a threshold for metal toxicity in the field based on chemical 
exposure and biological data from matched locations and sampling efforts. These 
programs provide large chemical and biological data sets of intrinsic value extending 
beyond data compilation to control the accomplishment of regulated EQS. However, risk 
management of chemicals is complex due to the numerous non-priority contaminants in 
the aquatic environment, most of which are not immediately targeted in monitoring 
programs. Likewise, assessment of the effects of pollutants on ecosystems is complicated 
by insufficient information about their effects, their different bioavailability pathways, and 
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their interactions with other stressors (e.g., nutrients, Holmstrup et al. 2010) and toxicants 
(mixtures) (Van Gestel et al. 2010, Muñoz et al. 2012). According to the WFD, the primary 
causes of ecological impairment in rivers must be determined and the necessary 
improvements to ameliorate the ecological status proposed. To this end, monitoring data 
should be analysed, and the results should be used to inform basin managers and 
policymakers of the risk of specific pollutants, the most adversely affected water bodies, 
and the cause-effect relationships in biological communities related to chemicals or other 
parameters. Moreover, due to time and budget constraints, there is a need to develop 
efficient programs for risk assessment and monitoring in the context of the WFD.  
Different approaches have been developed to identify compounds of environmental 
concern and to establish priorities for monitoring. Most of these approaches are based 
on the occurrence of such compounds in natural systems and on their ecological and 
toxicological effects. The first list of priority substance in the WFD is an example of 
prioritisation, and its revision (still underway) involved a monitoring (INERIS, French 
National Institute for Industrial Environment and Risks) and modelling study (Daginnus et 
al., 2010) that evaluated 339 and 2034 substances, respectively. Von der Ohe et al. (2011) 
proposed the frequency of exceedance and the lowest PNEC as indicators for 
prioritisation; these indicators have been adopted in four European basins. The toxic unit 
(TU) concept (Sprague 1970, Von der Ohe et al., 2009, Altenburger and Greco 2009) is 
based on the concentration addition (CA) assumption (i.e., that all compounds have the 
same mode of action) and quantifies the toxic stress associated with a mixture of 
pollutants. It is generally accepted as a good first approach for quantifying the toxic stress 
associated with a mixture of pollutants. The TU is defined as the ratio of a chemical’s 
concentration and its observed LC50 (the lethal concentration for 50% of individuals). 
Recently, the European Commission (2011) recommended the TU for approximating the 
EQS for substances occurring in mixtures. Another way to express the toxic pressure could 
be by means the multi-substance Potentially Affected Fraction (msPAF; De Zwart and 
Posthuma, 2005), which is defined as the fraction of taxa in a community that would 
potentially suffer from the exposure to the local mixture of toxicants and is based on the 
Species Sensitivity Distribution methodology (SSD, Posthuma et al., 2002). The msPAFs 
express the acute toxic pressure of whole mixtures of contaminants and estimate the 
fractions of taxa that would be potentially affected by the local mixtures.
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The present study addresses two main objectives: i) to identify those chemicals most likely 
responsible for the environmental toxicological risk in four Spanish Mediterranean basins 
(as case studies) and ii) to investigate the relationships between toxicological risk and 
biological status in these catchments. The toxicological risk for the stream-dwelling 
macroinvertebrate community in the Ebro, Guadalquivir, Júcar and Llobregat river basins 
has been evaluated through analysis of data compiled by different water authorities and 
applying the TU concept. The analysis of TU results in each monitoring site is intended to 
localise and evaluate the potential toxicological risks for the communities. For the second 
objective, biological data compiled by water authorities was compared with TU results 
obtained. These analyses permit to evaluate whether a potential risk (measured as TU) 
accurately reflects the risk to the community or, alternatively, whether new criteria should 
be developed to improve the risk assessment.  
2. Materials and methods 
2.1. Study sites 
 
Figure 1. Locations of the studied basins in the Iberian Peninsula. 1 Llobregat, 2 Ebro, 3 Júcar and 4 
Guadalquivir. 
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The four rivers and their tributaries of the present study are classified as Mediterranean 
rivers (Fig. 1; table 1). They are characterised by strong seasonality of rainfall and air 
temperature, and predictable disturbances in riverine flow regimes, such as floods and 
droughts, can be distinguished. Variations in water discharge are associated with large 
inter-annual variability in river sediment flux (frequently several orders of magnitude).  
 
 
Table 1. Description of the different basins and impacts of the dams. 
 
basin area (km2) number of tributaries number of dams total dam capacity (hm3) 
Ebro 85,534 31 200 7,507 
Guadalquivir 56,978 15 114 8,247 
Júcar 21,632 21 13 2,734 
Llobregat 4,948 8 4 213 
 
The Ebro River basin is the largest river basin in Spain (17.3% of the Iberian territory). It is 
928 km in length and has a drainage basin of 85,534 km² and serve to a population of 
3,019,176. It is largely regulated by dams and channels, which have altered its hydrological 
and sedimentary regime. During the 20th century, the mean annual flow has decreased 
by approximately 30% due to dam construction, increasing demands for irrigation, 
evaporation from reservoirs and land use changes within the basin (i.e., reforestation). The 
abstraction of ground and surface water for irrigation and industrial activities 
concentrated close to the main cities has also deteriorated soil and water quality. 
The Guadalquivir River is located in southwestern Spain and is 657 km in length. Together 
with its tributaries, it is the main water source of the region, serving over 7 million 
inhabitants. As a result, the river receives materials of both natural and anthropogenic 
origin that deteriorate water quality. The river is navigable as far as Seville (approximately 
90 km upstream), a major inland port. The river basin is also affected by reservoirs and 
dams, and its regime is heavily modified. Over 700,000 ha of the basin are devoted to 
agriculture (rice, olive and fruit trees), with the corresponding environmental effects on 
the river. It discharges into the Atlantic Ocean, and its estuary is heavily affected by tidal 
patterns. 
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The Júcar river basin is located in eastern Spain. The basin covers 21,632 km2 and includes 
a main stream approximately 500 km long. Urban water use totals 118.64 hm3/year for 
1,030,979 people, and the region irrigated by this basin spans 187,855 ha and withdraws 
1,394 hm3/year. It is a highly regulated basin with a total reservoir capacity of 2,643 hm3. 
The main problems regarding water use are those typical of semiarid zones with intensive 
water demands. In the lower part of the basin, urbanisation, industry, and agriculture are 
intensive and negatively impact water quality. The Júcar basin was designated as a 
European Pilot River Basin for the implementation of the WFD. 
The Llobregat River is the second longest river in Catalonia (NE Spain), spanning over 170 
km. The river is heavily managed in its lower course. Water at the mouth is currently 
pumped upstream to augment the natural flow, recharge the delta wetlands and control 
seawater incursion. This river is one major drinking water resources for Barcelona and 
surroundings, with a population over 3,000,000 inhabitants. The Llobregat basin receives 
extensive urban and industrial waste water discharge as well as surface runoff from 
agricultural areas that are not diluted by natural flow.  
 
2.2. River basin database 
Data were compiled from existing monitoring databases covering the four river basins 
under study: Ebro, Guadalquivir, Júcar and Llobregat. Data were provided by the following 
water agencies: Confederación Hidrográfica del Ebro (CHE), Confederación Hidrográfica 
del Guadalquivir (CHG) and Agencia Andaluza del Agua, Confederación Hidrográfica del 
Júcar (CHJ) and Agència Catalana de l’Aigua (ACA).  
Quality monitoring programs compile approximately 160000 data entries per year, which 
are recorded at 1100 monitoring sites along the four basins. Physical, chemical and 
biological data are collected. The most complete physical and chemical data records date 
from the 1990s; however, use of biological quality indices began primarily in 2000 as a 
consequence of the WFD implementation. In this study, we focused on water column data 
from 2008 to 2010. These years encompass the most complete data set, including priority 
substances. The EQS normative for these compounds is applicable from 2008. In addition, 
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for biological indices, complete data are available only from the last 3 years (2008-2010). 
The biological parameters included in these analyses are related with measures of benthic 
macroinvertebrates, including the abundance of different taxonomic groups and 
biological indices (IBMWP, Iberian Biomonitoring Working Party). For the Guadalquivir 
basin, no chemical or biological data were available from 2010 or later, so the analysis was 
conducted using data from 2007-2009.  
For metal analysis, water samples were filtered to obtain dissolved concentrations. For 
analysis of organic pollutants, samples were unfiltered (Ministerio de Medio Ambiente, 
2006) except for those from Llobregat. Biological samples were collected from different 
habitats in the river using the Kick method for a set time period, providing semi-qualitative 
measures of abundance at the taxonomic level of family.  
The sites studied here were those where priority substances and other hazardous 
substances were periodically measured (Table 1). To study the relationship between 
toxicological risk and biological quality, those sites where macroinvertebrates were also 
sampled were selected. Unexpectedly, only 106 sites (28 in the Ebro, 50 in Guadalquivir, 8 
in Júcar and 25 in Llobregat) had both chemical and biological data.  
 
2.3. Assessment of ecotoxicological data 
To evaluate the toxicological risk at each sampling point, the Toxic Unit (TU, Sprague 1970) 
concept was used. The TU quantifies the toxic stress associated with a mixture of 
pollutants and is defined as the ratio of a chemical’s concentration and its observed LC50 
(the lethal concentration for 50% of individuals). In a mixture of chemicals, TUsum will be 
the sum of the concentrations (Ci) of n individual compounds in the mixture expressed as 
a fraction of their respective LC50, assuming an additive behaviour of all components and 
representing the maximal expected effect of a mixture:  

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The TU allows the toxic risk of sites with different chemical exposure profiles to be 
compared. To derive the respective TUs, the measured compound concentrations can be 
scaled to the toxicity of each compound to standard test organisms (e.g., the invertebrate 
Daphnia magna, the algae Selenastrum capricornutum and the fish Pimephales promelas) 
representing all trophic levels (Liess and Von der Ohe, 2005). The resulting three values 
indicate the risks to aquatic biota and can be used for management prioritisation 
purposes. Given that focus is on macroinvertebrate communities, LC50 values from 
previous acute toxicity tests of Daphnia magna, a representative aquatic invertebrate, 
were used. This cladoceran is widely used as a model organism and is among the taxa 
most sensitive to organic toxicants and metal compounds.  
In the few cases for which these values were unavailable, the EC50 (effective concentration 
for 50% of individuals; when more than one value was available, the lowest concentration 
was used), was used. This information was gathered primarily from the SPEAR calculator 
(Liess et al., 2008), the IPCS database (IPCS, 2008), the Pesticide Properties Database (PPDB 
Management Team, 2009), the ECOTOX database (USEPA, 2008) and Von der Ohe et al. 
(2011). 
For each year and sampling point, for calculation of the TU of each compound of the 
mixture, the maximum annual concentration measured was used (representing a ‘worst 
case’ scenario, in adherence to the precautionary principle). The total risk for each 
sampling point, as sum of all TU values, was calculated. Compounds that have never been 
detected above the limit of quantification (LOQ) were excluded from the analyses of the 
TU estimate.  
For each sampling point, the contribution (in percentage) of each pollutant to the total 
toxicity was calculated. This contribution was measured as TU, to identify the most toxic 
compounds in the mixture. 
 
2.4. Relationship between chemical and biological status  
For sites where both chemical and biological data were available, their correlation 
coefficient was calculated. The value for the IBMWP index was provided by the Water 
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Agencies. This index is based on the principle that aquatic invertebrates have different 
tolerances to general organic pollution (primarily eutrophication); therefore, the presence 
or absence of different taxonomic groups is an indicator of the level of water pollution 
(Hellawell, 1986; Alba-Tercedor and Sanchez-Ortega, 1988). Each family receives a 
different score depending on their tolerance, and the final value is the sum of the scores. 
An additional biological index, the SPEAR index (calculated following Beketov et al., 2009), 
was included to compare biological and chemical status. The main advantage of the 
SPEAR index is that it is based on the biological traits of stream invertebrates and not on 
taxonomic units or abundance parameters like many other conventional bioassessment 
indices. Therefore, the SPEAR index is relatively free of confounding factors, and its 
application is unconstrained by geographical and geomorphological influences on 
biological communities (Liess et al., 2008). Species are classified according to their 
vulnerability to pesticides and organic compounds. The ecological traits used to define 
these groups include sensitivity to toxicants, generation time, migration ability, and 
presence of aquatic stages during the time of maximum pesticide application. Species 
with long generation times and low migration abilities will be considered at risk due to 
their limited ability to avoid chemical exposure (Liess and von der Ohe, 2005) 
Calculations were made using lists of families and abundances from the various Water 
Agencies and the program SPEAR Calculator (UFZ, Leipzig, Germany), which is freely 
available at http://www.systemecology.eu/SPEAR/Start.html. The threshold index value of 
an invertebrate community at risk corresponds to 30% of the species being at risk. Values 
above this threshold are considered indicative of good ecological status because a higher 
percentage of species are sensitive to pollution (i.e., are species at risk). Below this 
threshold, the more sensitive species have disappeared and few or no remaining species 
are at risk. To compare chemical stress with biological quality, the logarithm of TUs was 
used to represent toxic stress resulting from the total mixture of toxicants (log TU) or the 
organics (log TUorg) for each site and year.  

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We assume that log TU indicates water contamination according to the range presented 
below (after Beketov et al., 2009):  
– Uncontaminated (log TU < -4)  
– Slightly contaminated (-4 < log TU <-2)  
– Highly contaminated (log TU> -2)  
The lower end of the toxicity range was set at log TU= -4 corresponding to 1/10000 of 
the acute LC50. This concentration was assumed to be a protective concentration level, 
without expected effects on communities (compared with PNEC).  
Spearman’s correlation coefficient (significant correlation for p>0.05) among log TU 
values and biological indexes IBMWP and SPEAR, were determined using SPSS version 
2.0.   
As metals and organic compounds are expected to have different effects on communities, 
we performed calculated log TU separately for metals (log TUmetal) and organic 
compounds (log TUorg), as suggested by Höss et al. (2011).  
 
3. Results 
3.1. River basin database  
In table 2 is depicted, in each basin, the number of sampling stations, number of 
parameters analyzed, number of stations where biological or chemical data are monitored, 
number of priority substances analyzed number of compounds detected and number of 
compounds above EQS. The analyses revealed a lack of consistency in the names of 
chemicals between the four basins studied; in some cases, for the same chemical 
compound, no equal nomenclature exits thorough the basins. In addition, the parameters 
analysed varied by sampling point and by basin. For the chemical parameters, spatial 
coverage and sampling frequency varied by parameter, year and basin. For example, in 
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the Júcar basin, most sites containing chemicals did not extend throughout the entire 
basin but were primarily located in lower stretches. Almost all of the 33 priority substances 
were analysed periodically in all basins (ranging from 4 times a year to monthly depending 
on substance, site and basin). In the Ebro River, measurement of all priority substances 
occurred at only three sites (0027 Ebro-Tortosa, 0087 Jalón-Grisén, 0163 Ebro-Ascó). In 
this river, sampling of priority substances was divided into different monitoring networks 
with different sampling sites. In the Jucar River in 2010, of the 14 sampling stations for 
chemicals substances, only one (JUJ619) measured pesticides but not other organic 
compounds or metals. In contrast, in four stations in this river (JUK625, JUK627, JUL508, 
JUL621), pesticides such as Alaclor, Aldrin, Diuron, Endosulfan or Simazine were not 
measured; the remaining 9 stations were sampled more exhaustively. The Guadalquivir 
basin between 2007 and 2009 also contained sampling stations with non-exhaustive 
sampling of compounds. Llobregat was the river basin with the most complete sampling 
of chemical data (organic and inorganic compounds), encompassing a large number of 
sites distributed along the catchment. In table 3 is summarized the number of stations 
intended for monitoring metals, organic compounds or both.  
 
Table 2. Overview of the monitoring data available in the Water Agencies databases in 2010. 
 
 Llobregat Júcar Ebro Guadalquivir 
Total number of monitoring sites 80 263 497 263 
Total data entries  per year 21200 40000 50000 50000 
Total number of chemical monitoring sites 80 263 490 235 
Total number of biological monitoring sites 59 156 342 164 
Total number of sites where PS and other hazardous 
substances were periodically measured 
45 49 37 108 
Number of parameters measured (without biological 
parameters) 
152 382 232 122 
Number of biological parameters measured 4 9 10 4 
Number of chemical compounds analyzed 115 332 96 117 
Number of chemical compounds >LOQ 29 28 20 6 
Number of PS analyzed 37 39 36 38 
Number of PS above maximum EQS (only for 2008-
2010) 
1 8 9 1 
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In contrast, biological parameters were monitored using a standardised procedure and 
were easy to compare and adopt in new calculations. Unfortunately, despite a large 
number of sites with available biological or chemical data (Table 2), only 106 sites (28 in 
the Ebro, 50 in Guadalquivir, 8 in Júcar and 25 in Llobregat) contained both. These 
numbers slightly changed over time because some stations were removed and/or new 
ones were added to the network. In most sites with biological data, only basic 
environmental parameters were included in the databases (e.g., oxygen, conductivity, 
nutrients).  
 
Table 3. The number and group of chemical compounds analyzed is not the same in all the basins and 
sampling points, in the table is summarized this information. * In addition, cyanides are analyzed in these 
stations, ** all the organic compounds analyzed are pesticides 
 
 
 
 
Year 
Number of 
stations 
Maximum 
number of 
compounds 
analyzed 
Minimum 
number of 
compounds 
analyzed 
Stations 
where only 
metals are 
analyzed 
Stations 
where only 
organic are 
analyzed 
Stations 
where both 
are analyzed 
Ebro 2008 33 84 30   33 
2009 34 85 28   34 
2010 35 83 25   35 
Guadalquivir 2007 162 96 2 24 6 132 
2008 132 83 2 17* 27 88 
2009 127 81 2 14* 29 84 
Júcar 2008 6 110 32  2** 4 
2009 12 105 37  1** 11 
2010 14 98 40  1** 13 
Llobregat 2008 55 107 17 13  42 
2009 38 107 17 22  16 
2010 45 107 17 8  37 
 
 
Relatively few sites exceeded the EQS values for priority substances (Table 2). In the Ebro 
basin, the compounds most often responsible for exceeding the threshold value were 
chlorpyrifos, nickel, mercury, and nonylphenol. In the Guadalquivir basin, the compounds 
responsible for non-compliance were cadmium in 2008, simazine in 2009 and mercury in 
2010. In the Júcar basin, chlorpyrifos exceeded the EQS in 2010, and in the Llobregat basin, 
a value of trifluralin above the EQS was observed in 2009. 
Most of the chemicals analysed occurred (at times or consistently) at levels below the limit 
of quantification (LOQ).  The LOQ values for a given substance also varied with year and 
sampling period.  
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3.2 Assessment of toxicological data  
A total of 339 chemical substances were analysed in the four basins. Toxicity data for 
macroinvertebrates (LC50 for Daphnia magna) were available for 159 compounds (almost 
40% of the total). Few chemicals were consistently measured at levels above their LOQ 
(Table 1). Finally, for the four basins, between 13 and 24 compounds were selected for risk 
assessment and were evaluated as TU. This limitation did not underestimate the toxicity 
risk because the computed compounds represented more than the 95% of the toxicity 
(see supplementary material). As shown in supplementary material, the highest toxicity 
risk is associated with the presence of metals (higher values of log TU metal than log TUorg) 
for almost all sites. At almost all sites, the log TU metal value exceeds the threshold of 
high contamination (log TU>-2). The heavy metals that contributed the most to the TU 
values were zinc and copper (Figures 2 and 3). In contrast, with few exceptions, organic 
contaminants were associated with lower risk (log TUorg values ranging between -2 and -
4). The risk due to organics was appreciable at some sites, especially at the Ebro (stations 
0025, 0060, 0225, 0226, from 2008 to 2010; and others sites in punctual years: Fig. 2 and 
supplementary material), Júcar (station JUJ619 in 2008 to 2010 and JUK616 in 2008) and 
Guadalquivir (10201 in 2008 and 2009 and 10203 and 10209 only in 2008) stations; at 
these sites, log TUorg values approached -1 and were higher than levels of metal toxicity 
(Fig. 3 and supplementary material). At these sampling points, pesticides or their derivates 
were the most important compounds contributing to risk toxicity, with Chlorpyrifos being 
the most important. Desethylatrazine, Diuron and Isoproturon were also present. Sites 
with good chemical quality (values of log TU < -4) were rare. Guadalquivir was the basin 
with the greatest number of points of good chemical status (in 2008, sampling points 
10202, 10303, 30506; in 2009, sampling points 10203, 20802, 41101), while the Ebro basin 
contained only one sampling point (0038) of good quality in 2010. At these sites, 
pesticides appeared to be the most important chemical substances, although their 
concentrations were low. 
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Figure 2. Toxic Units (TU) level changes in sites over time. Depicted are changes in stations with high 
toxicological risk from 2008 to 2010 in Llobregat and Ebro basins. The compounds represented are those 
that contribute more than 95% to the total toxicological risk. Data are represented in Toxic Units (TU). 
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Figure 3. Toxic Units (TU) level changes in sites over time. Depicted are changes in the stations with 
high toxicological risk from 2008 to 2010 in Júcar basin and from 2007 to 2009 in the Guadalquivir basin. 
The compounds represented are those that contribute more than 95% to the total toxicological risk. Data 
are represented in Toxic Units (TU). 
Results 
70 
 
No pattern of pollution level change (in TU) was observed over time. In all basins, the 
average TU total value is within the high pollution range (supplementary material). In 
figures 2 and 3, we show the change in levels over time at the most polluted stations in 
2008. Supplementary material list the compounds that accumulated more than the 95% 
of the total toxicological risk. The total risk (expressed as TU for the different sampling 
stations) did not change appreciably over time. Small changes in the contribution of the 
various pollutants to the total toxicity in each sampling point were observed, but only a 
few sampling points exhibited improvements over time (0574, 0577, 0627 in Ebro; JUJ617 
in Jucar; 440, 700, 710, 840 in Llobregat; and 41601 in Guadalquivir). In contrast, other 
points decreased in quality over time.  
Figure 4. Relationships between toxicological risk and biological quality in Llobregat and Ebro. 
Toxicological risk is shown as log TUorg for organics and log TU for all compounds; biological quality is 
shown as SPEAR or IBMWP index. R= Spearman correlation coefficient; p= significance level. 
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Although the TUs indicated high toxic risk, especially for metals, the biological quality 
calculated with the SPEAR and IBMWP indexes varied considerably. The only basin 
exhibiting a relationship between biological and chemical quality was that of the Llobregat 
basin (Fig. 4). In this basin, biological quality (SPEAR index) and log TU for pesticides were 
correlated (R= -0.59, p= 0.002, n=26). The IBMWP index and TUs for all compounds 
(organics and metals) were also significantly correlated (R= -0.45, p<0.0001, n= 65, Fig. 
4). Six sites (440, 800, 850, 860, 890 and 900) exhibited both low biological quality 
(SPEAR<20) and high organic toxicity (Log TU >-2) over the 3 year period; most had high 
metal toxicity as well. Site 340 exhibited low biological quality unrelated to toxicity.  
For the Ebro basin, the correlation coefficient between SPEAR and log TUorg was small (R= 
-0.07, n= 75) and not statistically significant (p= 0.66). For values of log TU between 0 and 
-2, there was high dispersion of biological values (from near 0 to 80 % of species at risk, 
Fig. 4). Similar results were observed when comparing IBMWP and log TU for all 
compounds. Three sites were classified as ‘at risk’ with respect to organic toxicants (low % 
of species at risk and high organic toxicity): sites 87 and 225 in all years and site 60 in 
2010. Site 565 also showed low biological quality correlated (only) with metal toxicity. 
Several sites with low-to-moderate biological quality presented no evidence of toxicity 
risk: 5, 38, 572 and 574.  
In Júcar basin, site 272 exhibited both organic and metal pollution, which pose a risk for 
the invertebrate community as was observed with the lowest values of the biological 
indexes (Fig. 5). Another characteristic of this basin was the low percentage of species at 
risk (< 50% at all sites). However, associations between biological and toxicological data 
could not be made, due to the low number of sites with both biological and toxicological 
data. 
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Figure 5. Relationships between toxicological risk and biological quality in Jucar Guadalquivir. 
Toxicological risk is shown as log TUorg for organics and log TU for all compounds; biological quality is 
shown as SPEAR or IBMWP index. R= Spearman correlation coefficient; p= significance level. 
 
The Guadalquivir basin also exhibited low biological quality, but this was not consistently 
related to metal or organic pollution. Only two sites yielded values above 80% of species 
at risk. This basin had the highest number of sites with high TUs values for organic 
pollution, which, in several cases, presented a risk to the community (e.g., sites 10802, 
10803, 10201, 10203, 10502, 40901, 51613) with percentages less than 15% of species at 
risk (Fig. 5). 
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4. Discussion  
In this study, biological and chemical data from four Spanish basins was analysed. The 
toxicological risk at each sampling point and the relationships between toxicological risk 
and biological quality were assessed and evaluated. The sampling routines of the Water 
Agencies were sufficient to monitor the water quality under WFD specifications. 
Nevertheless, improvements can be made to increase the efficiency and quality of the 
data mining process. The data sets were not homogeneous across basins. The use of 
standardised chemical codes (e.g., CAS number) can facilitate comparisons between 
basins and the application of scientific assessment tools. This is especially important under 
the WFD, where intercalibration exercises between basins are required.  
It is also important to consider the implementation of sampling sites where chemical and 
biological data could be taken together. In the present study, both types of sampling were 
not available for many points, preventing the analysis of correlations between biological 
and chemical quality; such analyses are important for identifying risk to communities. It is 
desirable to have complete, high quality data sets for each sampling site 
(hydromorphological parameters and chemical, biological and general water quality 
measures), even at the cost of reducing the number of sampling sites. 
 Assuming a significant relationship between predicted toxic pressure and observed 
ecological status, even in a multi-stressor context, sufficient data are required from the 
same sites to evaluate ecosystem changes in response to dynamic stressors and, therefore, 
to assess the effects of measurement programs on improvements to ecological status. 
Water Agencies, using a cost-effective approach, should revise their monitoring programs 
(survey, operational and investigative) in light of these recommendations. With respect to 
field data sets, the collection of long-term data is also recommended. These data are 
urgently needed now and in the future. 
The large number of substances with below-LOQ values limits the assessment of their 
chemical status. There is a risk that very toxic substances that are widely analysed but 
rarely found in the environment could be considered of high priority but present a low 
actual risk (von der Ohe 2011). Furthermore, some priority substances with EQS under the 
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LOQ could be underestimated. Therefore, for an accurate evaluation of risk, the analytical 
procedures for some of these substances need improvement. In addition, in the 
databases, different LOQ values for the same substances, depending on the year, was 
found. This situation must be assumed since analytical methods are continuously 
improving, but presently, the compounds with sufficient data for environmental quality 
assessment are limited, both within and among basins. Inconsistencies over time in 
analytical methods and labs pose problems for intercalibration exercises and comparisons 
of toxicological risk. 
The use of TU with respect to the effects on D. magna enabled classification of compounds 
by their potential toxicity to the macroinvertebrate community. With few exceptions, the 
contribution of metals (especially zinc and copper) on total toxicity was paramount in all 
basins. The TU values of these inorganic compounds (TUmetal) are high and indicate a 
potential risk to the macroinvertebrate community. Where organic pollutants contributed 
to the total toxicity, the pesticide Chlorpyrifos was the compound presenting the highest 
risk in all basins. Other organic pollutants present were also pesticides or their derivatives, 
such as Desethylatrazine, Diuron and Isoproturon. Chlorpyrifos is one of the substances 
associated with non-compliance in both the Ebro and Júcar basins. The assessment used 
in this work was conservative, calculating TU as the ratio of maximum concentration to 
LC50. Other works evaluate risk using other criteria, such as hazard quotients (HQ). HQ is 
defined as the ratio between predicted (PEC) or measured environmental concentrations 
(MEC) and their chronic toxicity and is usually expressed as NOEC (non-observed effect 
concentrations) or PNEC (predicted non-effect concentrations) values (European 
Commission, 2003; Ginebreda et al., 2010). These approaches can be considered variations 
of the application of the concentration addition (CA) hypothesis. In using maximum 
concentration values for the chemical compounds, the worst case scenario is depicted. By 
omitting data below LOQ in the analyses, the effects of those substances could be 
underestimated; however, including them in the analyses would introduce uncertainty in 
the evaluation of potential risk. To cover a wider range of effects on other groups of 
organisms, TUs based on algae and fish toxicity should also be considered. The present 
study evaluates the risk to the macroinvertebrate community, but the potential risks of 
the chemical substances studied here to other groups, such as algae and fishes, are 
expected to be different and significant, as observed by Köck et al. (2010) and Köck-
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Schulmeyer et al. (2012) in the Ebro River. Priority pollutants, other compounds and other 
stressors need to be considered simultaneously (Holmstrup et al. 2010). In recent years, 
the scientific literature has highlighted the presence and effects of emerging substances 
in fluvial systems (Farré et al., 2008, Caliman and Gavrilescu, 2009; Muñoz et al., 2009). 
Agencies should include new emerging pollutants in their monitoring programmes to 
improve the evaluation of chemical quality and to more reliably quantify risk in the river. 
The potential risk of other unmonitored substances is apparent from studies of 
pharmaceuticals in the Llobregat (Ginebreda et al., 2009), Guadalquivir (Martín et al., 2011) 
and Ebro (Gros et al., 2011) basins.  
In contrast to the potential risk measured using TU values, especially for metals, a 
significant relationship between TU and community index (IBMWP and SPEAR) values was 
found only for the Llobregat basin. The SPEAR index is recognised as a good biotic 
descriptor in studying the effects of organics in rivers (von der Ohe et al. 2009, Schäfer et 
al. 2007). Results show that poor biological quality correlates with high chemical pollution 
at only few sites. Despite the poor chemical quality (as measured by TUs) generally 
observed across the basins, especially with respect to metals, the invertebrate community 
is not affected. This result likely reflects the lack of bioavailability of these inorganic 
compounds (Stockdale et al. 2010). Total recoverable metals (i.e., the sum of dissolved, 
colloidal, and solid metal that can be liberated via extraction with mineral acid) from a 
water sample are not good predictors of toxicity to aquatic organisms (Schmidt et al., 
2010), although this is the method recommended by the Spanish authorities (Ministerio 
de Medio Ambiente, 2006). Roig et al. (2011) encouraged the use of passive samplers 
because this method permits efficient sampling of the bioavailable fraction of metals and, 
therefore, an accurate evaluation of the risk arising from metals. The bioavailability and 
toxicity of metals are influenced by water hardness, pH, and dissolved organic carbon; 
therefore, the effects and safe concentrations of metals will vary accordingly.  
Carafa et al. (2011) assessed the toxiciological risk in Catalan rivers using data from the 
ACA and applying bioavailability models to calculate the available fractions of each 
toxicant depending on substance properties and local environmental conditions. They 
found a clear chemical risk in almost the sites but only a relatively small part of the 
variability in terms of effects on fluvial macroinvertebrates was explained by toxic 
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pressure. It is possible that the LC50 values of some metals obtained in laboratory tests are 
overestimated. Some recent studies have discussed the toxicological thresholds obtained 
in laboratory experiments for some heavy metals in comparison to field data on metal 
levels and macroinvertebrate communities. Crane et al. (2007) discussed the suitability of 
using EQS values obtained from laboratory observations in the risk assessment of 
macroinvertebrate communities in clean and polluted rivers. From the mixture of heavy 
metals, in the studied basins, zinc is the metal that presents (in terms of TU) the greatest 
apparent risk to macroinvertebrates. Iwakasi et al. (2012) proposed to increase the 
threshold of zinc in freshwater bodies after observing no obvious effects on 
macroinvertebrate communities at the levels recommended by the European Union (17.8 
µg L-1). Other works have found, in experimental conditions, that the toxicity of single 
metals can be modified when they are in mixtures (Gaete and Chavez, 2008). Under 
conditions of chronic exposure, benthic invertebrates regulate, detoxify, and eliminate 
metals (Schmidt et al., 2010), and these adaptive processes could be responsible for the 
apparent high quality of invertebrate populations. Because metals are naturally occurring, 
baseline concentrations of metals can contribute to these adaptive mechanisms. These 
results reflect the need for improved chemical analysis and for the inclusion of metal 
speciation to reliably evaluate risk, at least in sites with high concentrations. In addition, 
sediments act as sources and sinks of pollutants, affecting the organisms dwelling upon 
them (Ingersoll et al., 1995). Sediment analyses are currently included in quality 
monitoring programs but are limited in frequency and number, limiting the assessment 
of water and biological quality. Moreover, EQS for sediments are not yet established by 
existing regulations. 
At sites with conflicting chemical and biological quality measures (high chemical risk but 
no evidence of effects on communities), alternatives to the biotic indexes could be 
explored. For example, the use of in situ and laboratory bio-assays (Damasio et al., 2007) 
in addition to biological indices could be advantageous because they more closely 
approximate natural conditions (especially with respect to the contamination scenario) 
and permit more rapid detection of effects (Maltby et al. 2002). These tests would allow 
researchers to determine whether the absence of an observed effect in the natural 
community is because of an absence of risk or because the community is adapted to the 
pollutants. These experiments are not yet common practice in Europe’s river basins. 
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5. Conclusions 
Based on an analysis of data gathered by water agencies, the authors propose some 
potential improvements to data collection in Spanish rivers that would allow integrated 
and efficient assessments of river basins, in compliance with WFD. Chemical status, toxic 
stress, morphological degradation and eutrophication should be considered 
simultaneously with biological status at the same sampling sites or reaches for the 
assessment of the global ecological status of those sites. Effective management measures 
could then be implemented to improve ecological quality in a sustainable, cost-efficient 
way. Improvements in analytical approaches could reduce the large number of substances 
with below-LOQ values and be applied consistently among basins. Further investigation 
on metal-related toxicity may be necessary to reliably estimate the risk to the 
environment. Agencies should include new emerging pollutants in their monitoring 
programs to improve evaluations of chemical quality. The collection of long-term data 
(survey monitoring) is essential for the assessment of global changes in fluvial systems. 
Long-term data collection is recommended, at least for some selected sites sufficiently 
representative of the basin, depending on basin length and spatial heterogeneity. 
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Petrovic M., Picó Y., Riera J.L. 
Science of the Total Environment, 503-504: 142-150 
 
Abstract 
Chemical pollution is one of the greatest threats to freshwater ecosystems, especially in 
Mediterranean watersheds, characterized by periodical low flows that may exacerbate 
chemical exposure. Different groups of emerging pollutants have been detected in these 
basins during the last decade. This study aims to identify the relationships between the 
presence and levels of prioritary and emerging pollutants (Pesticides, pharmaceutical 
active compounds –PhACs-, Endocrine Disrupting Compounds EDCs and Perfluorinated 
Compounds –PFCs-) and the invertebrate community in four Mediterranean basins: the 
Ebro, the Llobregat, the Júcar and the Guadalquivir. Structural (species composition and 
density) and functional (catalase activity of the tricopteran Hydropsyche exocellata and 
the feeding activity of the cladoceran Daphnia magna) variables were analysed to 
determine which of the pollutants would greatly influence invertebrate responses. EDCs 
and conductivity, followed by PhACs, were the most important variables explaining the 
invertebrate density changes in the studied basins, showing a gradient of urban and 
industrial pollution. Despite this general pattern observed in the four studied basins -
impoverishment of species diversity and abundance change with pollution- some basins 
maintained certain differences. In the case of the Llobregat River, analgesics and anti-
inflammatories were the significant pollutants explaining the invertebrate community 
distribution. In the Júcar River, fungicides were the main group of pollutants that were 
determining the structure of the invertebrate community. Functional biomarkers tended 
to decrease downstream in the four basins. Two groups of pollutants appeared to be 
significant predictors of the catalase activity in the model: EDCs and PhACs. This study 
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provides evidence that the information given by functional biomarkers may complement 
the results found for the structural community descriptors, and allowed us to detect two 
emerging contaminant groups that are mainly affecting the invertebrate community in 
these basins.  
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1. Introduction 
Freshwater ecosystems are affected by natural factors (e.g., climatic variability) and 
anthropogenic activities, and are specially overstressed in regions with a marked 
seasonality and intense demand for these resources. Almost all major human activities act 
as drivers of stress for natural habitats and biological communities.  One main threat to 
river ecosystems is pollution. The accumulation of diffuse pollution (e.g., from agricultural 
activities) and point-source pollution (e.g., from urban areas) gives rise to a mixture of 
toxicants in fluvial systems that makes it difficult to attribute effects to any particular 
toxicant. To complete this scenario, a large number of previously unrecognised pollutants 
have been identified over the past few decades. These pollutants, usually called emerging 
contaminants (ECs), enter into rivers mainly through wastewater treatment plants (WWTP) 
effluents (Oller et al., 2011). Secondary treatment processes are insufficient to remove 
them completely, because they were not specially designed for that purpose (Tauxe-
Wuersch et al., 2005; Gómez et al., 2007) and these pollutants become ubiquitous in the 
environment (Martínez-Bueno et al., 2012). Endocrine disrupting Compounds (EDCs), 
pharmaceutical active compounds (PhACs), Personal Care Products, flame retardants and 
Perfluorinated Compounds (PFCs) are particularly relevant ECs in rivers. It is presently 
unclear how the presence of mixtures of pollutants with different mode of action 
influences aquatic communities after long-term exposure. To shed light on this issue 
would help to better assess the environmental risk of such pollutants. 
Mediterranean rivers are characterized by drought periods with low discharges and low 
flows that reduce the dilution capacity of these rivers, during which the concentrations of 
pollutants may significantly increase (Osorio et al., 2014). In addition, the inputs of the 
WWTPs can often be more important in terms of flow than the river by itself. Hence, there 
is a close and evident relationship between water quantity and chemical and biological 
measures of water quality in Mediterranean- climate rivers (López-Doval et al., 2013) 
which has to be taken into account to make appropriate water management decisions. 
(Paragraphs united) In fact, the contamination levels reported in basins of the Iberian 
Peninsula are often higher than in other non-Mediterranean basins and have increased in 
past decades as a result of human activities (Petrovic et al., 2011). Therefore, there is a real 
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chemical exposure risk not only for the fluvial biota but also for human and environmental 
health (Rovira et al., 2013, Carpenter et al., 2011). 
Quality indices that describe the structure of communities (e.g., taxonomic richness and 
diversity) have been widely used as biomonitoring tools (Hering et al., 2006) to detect 
effects of general pollution in the community. However, before these structural changes 
occur, pollutants first interact at a subcellular level and these interactions can lead to 
individual changes linked with important life functions (e.g., metabolism, reproduction, 
mobility or feeding). These sublethal responses segregate along gradients of both 
toxicological and ecological relevance and can lead to future community changes (Adams 
et al., 2003). Thus, they can be used as tools for the early detection of toxicity, especially 
for ECs whose effects are not well known.  
Species respond to water quality changes using different detoxification mechanisms, for 
example, by increasing biotransformation enzymes and antioxidant defences (Gillis et al., 
2013). These biochemical responses can be used as biomarkers to detect the biological 
impacts of pollution in rivers. Hence, biomarkers analyses may provide evidence of effects 
that are not detected at a structural community level, and can complement the 
information given by conventional studies of aquatic communities. Additionally, in situ 
bioassays offer greater relevance with respect to natural conditions and allow detecting 
effects in hours or days at the individual or population level (Maltby et al., 2002). The 
measured responses can be different across species and include mortality, feeding rates, 
growth rate and reproduction. These responses are directly related with key ecological 
processes that sustain ecosystem functioning and may represent a fertile methodology 
for investigation of exposure to a mixture of pollutants. 
This study aims to identify the relationships between the presence and concentration of 
common, prioritary and emerging pollutants (Pesticides, PhACs, EDCs and PFCs) and the 
invertebrate community. The study was developed in four Mediterranean basins: the Ebro, 
the Llobregat, the Júcar and the Guadalquivir. Structural (species composition and density) 
and functional variables were analysed to determine which of the pollutants would greatly 
influence invertebrate responses. The two functional biomarkers studied were the 
antioxidant enzymatic activity (catalase) of the tricopteran Hydropsyche exocellata 
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Durfour 1841 and the inhibition of feeding activity in the cladoceran Daphnia magna 
Straus 1820. 
 
2. Materials and methods 
2.1. Study area and sampling 
The study area involves four rivers of the Iberian Peninsula: the Ebro, the Llobregat, the 
Júcar and the Guadalquivir (Fig. 1), from north to south. These watersheds are highly 
populated and have important agricultural areas and industrial clusters that depend on 
the surface and groundwater resources and water transfers. Thus, they were selected 
because of their economic and environmental importance. The climate in these basins is 
Mediterranean, characterised by mild and moderately moist winters, warm, dry summers 
and irregular rainfall concentrated in the spring and autumn. Only the upper portion of 
the Ebro basin has a more continental climate.  
 
Figure 1. Study sites in the Ebro, Llobregat, Júcar and Guadalquivir basins (Iberian Peninsula). 
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The Ebro drains an area of 85534 km2 from north central to northeast Spain. It has a 
complex hydrologic regime because it receives water from tributaries with different 
climates. Despite its large size, it has a relatively small population, some 2.7 million 
inhabitants. The Ebro watershed is one of the most heavily irrigated regions in Spain, 
although recently the industrial sector has become increasingly important. Consequently, 
a broad spectrum of emerging contaminants has been found recently in the water and 
sediment (Navarro-Ortega et al., 2010). 
The Llobregat River drains a 4957 km2 catchment. It is subject to heavy anthropogenic 
pressure (4.5 million inhabitants in the valleys), receiving extensive urban and industrial 
wastewater discharges as well as surface runoff from agricultural areas that cannot be 
diluted by its natural flow, especially in the dry seasons. Consequently, the water has a 
high concentration of nutrients and priority and emerging pollutants.  
The Júcar River drains a 21632 km2 catchment. Agriculture accounts for most of the water 
demand, but industrial and urban demands are increasing. The Júcar is highly regulated, 
and the management of the system is very complex, which leads to considerable 
hydrologic fluctuations (Paredes-Arquiola et al., 2010). 
The Guadalquivir River basin is 57527 km2 and approximately 7000 km2 of its basin is 
devoted to agriculture (rice, olives and fruits).  As a consequence of a high population (7 
million inhabitants), the river receives many inputs, from both natural and anthropogenic 
origin.  
A total of 20 sites were selected in the main channel of the rivers: 5 in the Ebro (E1, E2, E3, 
E4 and E5), 5 in the Llobregat (L3, L4, L5, L6 and L7), 6 in the Júcar (J1, J2, J4, J5, J6 and J7) 
and 4 in the Guadalquivir (G1, G2, G3 and G4) (Fig. 1). Sites were selected along the rivers 
to represent pollution gradients. The sampling was performed in two consecutive years at 
the end of the dry summer period (a. autumn 2010 and b. autumn 2011). At each site, 
composite samples from water column and sediment (jointed sample of the uppermost 
10 cm layer from the two river banks) were taken for chemical analyses. Five sediment 
samples randomly distributed were taken to determine community composition. H. 
exocellata individuals were collected in all sites where this taxon was found to measure 
Chapter 4 
107 
 
catalase activity. D. magna enclosures to assess post-exposure feeding rates were 
deployed in the Ebro, the Llobregat and the Júcar rivers in 2011. 
 
2.2. Chemical analyses  
2.2.1. Physicochemical parameters 
Dissolved oxygen, pH, temperature and conductivity of water were measured with Hach 
DO meters and WTW conductivity meter in each sampling site and campaign. Water 
samples for nutrient analyses were filtered in situ with glass fibre filters (Whatman GF/F) 
and frozen at -20ºC until analysis. Ammonia, nitrate, and soluble reactive phosphorus 
were analysed following standard methodology (APHA, 1995). Dissolved Organic Carbon 
(DOC) of water was determined on a Shimadzu TOC-V CSH (Shimadzu Corporation) 
instrument. Sediment samples for grain size characterization (gravel, sand, silt and clay) 
were taken in all samplings sites. 
 
2.2.2. Pollutants 
A total of 16 PFCs and 50 pesticides were identified by solid-phase extraction (SPE) 
followed by liquid chromatography tandem mass spectrometry (LC-MS/MS) according to 
already reported procedures (Masiá et al., 2013). 
The concentrations of the 73 PhACs were determined using a multi-residue analytical 
method based on LC-MS/MS after SPE (Osorio et al., 2014).  
A total of 39 EDCs in water samples were analysed by dual column liquid chromatography 
switching system coupled to mass spectrometry (LC-LC-MS/MS) using a method 
developed by Gorga et al., (2013) (Table S1).   
 
2.3. Invertebrates metrics 
2.3.1. Community composition 
Five sediment samples were randomly collected with a polyvinyl sand corer (24 cm2 area). 
Samples were sieved through a 500-µm mesh to isolate the invertebrates, which were 
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fixed with 4% formaldehyde. The invertebrates were sorted, counted, measured and 
identified in the laboratory under a dissecting microscope (Leica Stereomicroscope). The 
identification was at species level for almost taxa, -including Oligochaeta- with the 
exception of the Chironomids, which were identified at genus level, and the Phylum 
Nematoda. Abundances were referred to on the basis of sediment surface area. 
 
2.3.2. Catalase activity in Hydropsyche exocellata 
Hydropsyche exocellata individuals were hand-collected in all sites were this taxon was 
found (L3, L4, L6, J2, J4, J7,  E2, E4, G1, G4), immediately frozen in liquid N2 and kept at -
80oC for further biochemical analyses. Individuals were separated into four size classes in 
order to test if catalase activity differed between larval stages. Four - five individuals were 
analised for each size class. Catalase activity was measured by the decrease in absorbance 
at 240 nm due to H2O2 consumption (extinction coefficient 40 M−1·cm−1) according to Aebi 
(1974). The reaction volume was 0.5 ml and contained 50 mM phosphate buffer, pH 7, 50  
mM H2O2 (Ni et al., 1990; Faria et al., 2010). Catalase activity was expressed in terms of 
µmol per milligram of protein, which was quantified using the Bradford method (Bradford, 
1976) with γ-globulin as standard. 
 
2.3.3. Feeding inhibition in Daphnia magna 
D. magna deployments were conducted in situ as indicated by Barata et al., (2007) using 
the same test chambers and procedures of Mc William and Baird (2002). Chambers were 
constructed from clear polyvinyl chloride cylindrical piping (13 cm long, 5 cm external 
diameter). Each chamber had two rectangular windows (7 x 3.5 cm) cut into either side of 
the cage, covered with 150 µm nylon mesh. Pipe ends were sealed with polypropylene 
caps. In each deployment, a lab control treatment with animals maintained in the lab and 
never exposed to the field was also included as a surrogate control. Deployments were 
conducted during autumn 2011 in the Ebro (E2, E3, E4 and E5), the Llobregat (L3, L4, L5 
and L7), and the Júcar rivers (J2, J4, J5 and J6). Juveniles were transported to field sites in 
groups of 10 in 175 glass jars filled with American Society for Testing Materials (ASTM) 
hard water (APHA-AWWA-WEF, 1995; Mc William and Baird 2002). At each site 5 
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chambers, each containing 10 individuals were placed inside a 13-mm2 wire-mesh cylinder 
that was positioned in the stream perpendicular to flow.  
After 24 h, animals were retrieved from the chambers. Shortly after exposure (within 1 h) 
five surviving juveniles were placed into 60 ml screw-capped glass jars containing 50 ml 
of ASTM hard water, with Chlorella vulgaris (Beijerink, strain CCAP C211/12) at a 
concentration of 5·105 cells/ml, and allowed to feed for 4 h (Mc William and Baird, 2002). 
Three jars containing no animals were used to establish initial algal densities. Post-
exposure feeding rates were also measured in animals maintained in the lab during the 
duration of the deployments and transported to the field sites to include a surrogate lab 
control. Post-feeding experiments were conducted in darkness to avoid algal growth and 
under constant temperature conditions (20±2oC) provided by a thermostated chamber. 
Individual feeding rates (cells animal-1·h-1) were determined as the change in cell density 
during 4 h according to the method given by Mc William and Baird (2002). Cell density 
was estimated from absorbance measurements at 650 nm in a dual-beam 
spectrophotometer (Uvikon 941) using standard calibration curves based on at least 20 
data points, with an r2 > 0.98. 
 
2.4. Statistical analyses 
Concentrations of chemicals that were lower than the method detection limits were 
assigned a value that was one-half of the detection limit (Clarke, 1998). The normality and 
homoscedasticity of the chemical and environmental data set were tested with 
Kolmogorov-Smirnov tests. Variables were log-transformed when necessary to fulfill 
normality and homoscedasticity assumptions. Multivariate analyses were performed using 
CANOCO™ v4.56 software (Microcomputer Power, Ithaca, NY, USA). Rare invertebrate taxa 
(present in <5% of the samples) were omitted. Compounds were grouped in different 
families taking into account their mode of action. A detrended canonical correspondence 
analysis (DCA) was initially performed on the invertebrate data (the abundances of the 
four basins and of the two sampling campaigns all together) to determine whether 
unimodal (Canonical Correspondence Analysis, CCA) or linear ordination (Redundancy 
Analyses, RDA) methods were most appropriate. The gradient length was 3.9, indicating 
that a unimodal response model (Lepš and Šmilauer, 2003) was appropriate. Thus, a CCA 
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was used to explore the relationship between chemical and environmental data 
(independent variables) and invertebrate abundances (dependent variables). Afterwards, 
DCA were performed separately for the Llobregat and the Júcar basins and indirect 
gradient analyses (RDAs) were performed because of the different origins of pollution 
detected in each river. 
Spearman correlations were used to explore relationships among chemical variables and 
functional responses of the community. 
In addition to indirect gradient analyses and Spearman correlations, a linear mixed-effects 
model was constructed using the lme function in the nlme package (Pinheiro and Bates, 
2000) in R v. 3.0.2 to test the effects of the different groups of chemicals (PhACs, 
pesticides, PFCs, and EDCs) and physicochemical variables, both as fixed effects, in 
functional biomarkers (feeding and catalase activity). All models were fitted including 
basin and site as random effects on the intercept. The significance of the fixed effect terms 
was assessed by starting with the most complex model and then simplifying by removing 
non-significant terms identified using likelihood ratio tests. Models were compared using 
maximum likelihood because the models had different fixed effects. Because the model 
validation plots showed heteroscedasticity between basins, a variance function of the 
form varIdent was implemented to estimate the within-group variance and account for 
unequal variances among the four basins. The likelihood ratio test was used to assess 
whether the implemented models significantly improved the fit to the data. Finally, the 
model was refitted using restricted maximum likelihood (REML) to determine the 
parameter estimates. 
 
 
3. Results 
3.1. Chemical and environmental characterization  
Conductivity increased downstream and was higher in the Llobregat and in the 
downstream Guadalquivir sites. Nutrient concentrations also increased downstream in all 
the basins. DOC in the water ranged from 1 to 10 mg C/L and tended to increase 
downstream, especially in the Guadalquivir and in the Llobregat rivers. Fine sediment 
(<0.03 mm) tended to increase downstream in the Guadalquivir, but only in 2011. 
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Guadalquivir is the basin with the highest percentage of fine sediment (<0.03 mm). G2 
and G4 in 2011, and G1 in 2010 showed percentages higher than 10%.  The sites with a 
high percentage of fine sand (0.03-0.1 mm) were E2, E3, L3 and L4 in 2010, and E5, J7 in 
2011 (Table 1). 
 
 
Table 1. Minimum and maximum levels for the different physicochemical variables measured during the 
study period in the four basins. 
 
The chemical groups with the highest detected concentrations in the two periods of study 
were PhACs and EDCs (Table S1). The total levels of PhACs ranged from 40 to 3000 ng/L, 
and of EDCs from 50 to 2300 ng/L, with the exception of LLO7 in 2011, where EDCs 
concentrations reached 11000 ng/L. PFC levels ranged from non-detected to 800 ng/L. 
Finally, the concentrations of pesticides ranged from 0 to 600 mg/L and their highest 
levels were detected in the Júcar in 2010. Within the group of PhACs, the family with 
highest concentrations in all basins was analgesics and anti-inflammatories, with a range 
from 5 to 510 ng/L. The Llobregat also had high levels of almost all PhACs’ families (Table 
S1). Diuretics were found at high levels in the Ebro, Guadalquivir and Llobregat rivers (100, 
100 and 420 ng/L, respectively). Levels of anti-hypertensive drugs were high in the Ebro 
and in the Llobregat rivers (maximum concentrations of 180 and 650 ng/L, respectively). 
Fungicides, herbicides and insecticides were detected at high levels in the Júcar. Levels of 
herbicides and fungicides were also high in the Llobregat, and insecticides were the family 
with highest concentrations in the Ebro. Finally, within the group of EDCs, high levels of 
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industrial compounds, which include alkylphenols, anticorrosive benzotriazoles, 
phosphate flame retardants and bisphenol A, were detected in all basins. 
 
3.2. Structural response of the community to environmental and 
chemical variables 
The Canonical Correspondence Analysis (CCA) between invertebrates’ densities and 
chemical and environmental variables explained the 45% of the total inertia. The first two 
axes explained 20.7% of the species data variation.  
The most important variables explaining the invertebrate variation on the first axis were 
conductivity and EDCs, followed by PhACs. Thus, in the CCA diagram sites were displayed 
in this axis following a gradient of urban and industrial pollution, increasing from right to 
left, while the distribution of the samples along the second axis was mainly explained by 
pH, dissolved O2 and pesticides. The Llobregat and the Guadalquivir sites showed more 
urban and industrial pollution and were distributed on the left part of the first axis, while 
the pollution in the Júcar was more agricultural. The Júcar sites were distributed in the 
upper part of the second axis, except J7 (Fig.2A). Samples corresponding to upstream sites 
(E1, E2, E3 and G1) had a different composition of species than those situated downstream 
of the rivers, where the community consisted of high densities of a few tolerant species 
of Chironomidae (Orthocladius spp.) and Oligochaeta (Branchiura sowerbyi), and also 
Ephemeroptera (Caenis luctuosa) (Fig.2B, Tabla S2). 
The variance partitioning technique allowed the determination of the percentage of 
variance explained by environmental parameters and that explained by chemical 
pollution, and also the identification of the variables which were statistically significant in 
the model.  
In the Llobregat River the total variation explained was 44.2%. Environmental data alone 
accounted for 20.9%, while pollution data alone explained 7%. The shared fraction of the 
total variation between environmental and chemical pollution data was 16.9%. 
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Figure 2. Ordination plots based on the Canonical Correspondence analysis (CCA) of invertebrate 
density for the Ebro, the Llobregat, the Júcar and the Guadalquivir River sites:  (A) ordination of sampling 
sites. The significant environmental variables are represented in the plot by arrows, which point in the 
direction of maximum change in the value of the associated variable; (B) ordination of invertebrate 
species on the first two environmental axes of the CCA. Species codes are listed in Table S2. 
 
The significant variables explaining the invertebrate community distribution were 
conductivity and the pharmaceutical group of analgesics and anti-inflammatories (Fig.3A). 
Downstream sites (L5, L6, L7) were characterised by high concentration of these 
compounds and poor community diversity in sediments (Fig.3B, Table S2). 
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Figure 3. Ordination plots based on Redundancy analysis (RDA): (A) ordination of sampling sites for the 
Llobregat River. The significant environmental variables in the variance partitioning analysis are 
represented in the plot by arrows, which point in the direction of maximum change; (B) ordination of 
invertebrate species of the Llobregat River; (C) ordination of sampling sites for  the Júcar River; D) 
ordination of invertebrate species of the Júcar River. Species codes are listed in Table S2. 
 
In the Júcar River, the total variation explained was 48.1%. Environmental data accounted 
for 24.4%, while pollution explained 18.7%. The shared fraction of the total variation 
between environmental and chemical pollution data was 5%.  The significant variables 
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were conductivity, again as in the Llobregat River, and a group of pesticides: fungicides 
(Fig.3C). Invertebrate community at downstream sites in the Llobregat River (L6, L7) was 
characterised by poor communities, and in the Júcar River (J6, J7) by high densities of the 
Chironomidae species Polypedilum sp. and Tanytarsus sp., and the Oligochaeta 
Branchiura sowerbyi. In the other sites species richness was higher (Fig.3D, Table S2). 
 
3.3. Functional response  
3.3.1. Catalase activity 
The mean values of catalase activity ranged between 3 and 32 mmol·min-1·mg prot-1 and, 
in general, were lower in the year 2010 than in 2011 (F=765.3, p<0.001). The activity values 
differed between basins (ANOVA, F= 68.7, p<0.001), Llobregat River presenting the 
highest ones.  There were also significant differences between sites in the Júcar River in 
2010 (F= 4.7, p<0.05,), in the Guadalquivir in 2011 (F=27.4, p<0.001) and in the Llobregat, 
in both years (2010: F=15.4, p<0.05; and 2011: F=7.7, p<0.001) with a general tendency 
to decrease downstream with pollution (Fig.4).  
Significant correlations between catalase activity and levels of different pollutants were 
found. Correlations were negative for PFCs (Spearman’s ρ= -0.405, p<0.001) and 
pesticides (Spearman’s ρ= -0.329, p<0.001), and positive for EDCs (Spearman’s ρ= 0.175, 
p<0.01).  
Table 2. Estimated parameters for fixed effects in the selected linear mixed-effects model fit by REML. 
Basin and site were considered random effects. 
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The linear mixed-effects model shows that there is a relationship between catalase activity 
and two groups of pollutants: PhACs and EDCs (Table 2). A quadratic positive function 
was fitted for PhACs, and a linear positive function was fitted for EDCs. DOC was also 
significant in the final fitted model. 
3.3.2. Feeding activity 
Daphnia magna feeding rates were lower with respect to laboratory control in all the 
sampling sites. The rates decreased downstream in the Ebro and the Llobregat rivers and 
fluctuated in the Júcar sites (Dunnett’s test, p<0.001). The sites with lower feeding rates 
(below 50 %) were E5, L7 and J2, all of which were characterised by high pollution and low 
species diversity (Fig. 4).  Significant negative correlations (Spearman’s ρ = -0.27, p<0.05) 
between feeding rates and levels of pesticides were found. However, no significant 
variables could be detected using linear mixed-effects model. 
 
Figure 4. (A) Boxplot of H. exocellata catalase activity in the four basins in 2010 (a) and 2011 (b). 
Asterisks indicate p<0.05 between sites. (B) Boxplot of D. magna feeding rates in the Ebro, Llobregat and 
Júcar rivers in 2011. CE: Ebro control, CL: Llobregat control and CJ: Júcar Control. Asterisks indicate 
p<0.05 respect to control.
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4. Discussion 
The goal of this study was to identify relationships between the presence and 
concentration of pollutants and the invertebrate communities’ structure and functioning. 
The most important variables explaining the invertebrate density changes in the studied 
basins showing a gradient of urban and industrial pollution were EDCs and conductivity 
followed by PhACs. EDCs include a wide variety of different compounds. Those with the 
highest levels detected in the basins were alkylphenols and azoles. This response for 
structural parameters of the community was found for catalase activity but not for feeding 
rate. These results give consistency to the short (functional response) and long (density 
change) time responses of biological community to pollution for the four studied basins. 
Though there still are few studies available about the specific effects of these compounds, 
it has been demonstrated that some alkylphenols act as EDCs and can accumulate in 
organisms’ tissues (David et al., 2009; Soares et al., 2008) affecting the organisms at a 
sublethal level. Gust et al. (2010) described changes in the reproduction performance of 
another snail species (Potamopyrgus antipodarum) in a basin heavily polluted by 
alkylphenols, among other pollutants, with levels lower than or similar to those found in 
our study. In a previous study performed in three of the studied basins (Ebro, Llobregat 
and Júcar) changes in reproduction endpoints and development of snails (Physella acuta) 
were detected downstream and correlated with the concentration of EDCs (De Castro-
Català et al., 2013).  
 In the particular case of the Llobregat River, analgesics and anti-inflammatory drugs from 
the family of PhACs significantly explained part of the variance of the invertebrate 
community. These chemicals are inherently biologically active compounds, which tend to 
accumulate in organisms tissues (Huerta et al., 2012). In fact, previous studies have already 
reported the influence of PhACs in the benthic communities of this river. Muñoz et al. 
(2009) found potential causal relationships between levels of different pharmaceutical 
products and the abundance and biomass of several key benthic invertebrates.  Ginebreda 
et al. (2010) also found inverse linear correlations between macroinvertebrate diversity 
indexes and hazard quotients of PhACs. Little is known about specific long-term effects 
of PhACs in aquatic organisms but chronic lowest observed effect concentrations (LOECs) 
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in standard laboratory organisms are in the range of environmental concentrations (Fent 
et al., 2006).  
In addition to the general patterns observed in the four studied basins - impoverishment 
of species diversity and abundance change with pollution- each basin maintained certain 
differences related to the dominant land uses which determine different contaminant 
concentrations. In the case of the Júcar River, fungicides were the main group of pollutants 
explaining the invertebrate community variance. In fact, the Júcar River presented the 
highest concentrations of pesticides, especially, fungicides, both in 2010 and 2011. 
Belenguer et al. (2014) revealed that there is a permanent or frequent supply of pesticides 
along the Júcar River Basin, including some components forbidden in the EU. In the same 
study, a wide spectrum of these pesticides has been detected in fish tissues. Recent results 
have demonstrated that many common azoles used in agriculture act as endocrine 
disrupters in vivo in both mammals and fish (Janna et al., 2011). The non-target specificity 
of some pesticides has been demonstrated in previous studies (Flores et al., 2014). More 
recently, Zubrod et al. (2014) has provided evidence that single fungicides and fungicide 
mixtures result in sublethal and also lethal effects in amphipods at environmentally 
relevant concentrations. Moreover, they have suggested that when considering repeated 
exposure together with the presence of multiple stressors in the field, synergistic effects 
may appear (Holmstrup et al., 2010, Bereswill et al., 2013). Some of these fungicides, such 
as imazalil and tebuconazole, have been detected in the Júcar River. There are no previous 
studies analysing the specific effects of pesticides on invertebrate communities in the 
Júcar River. This is the first work that shows a potential causal link between the presence 
of fungicides and the structure of the invertebrate communities in this river.  
Conductivity was another environmental variable that appear to be significant in indirect 
gradient analyses. The upstream-downstream range of conductivity found in the studied 
rivers was wide, especially for the Llobregat, the Júcar and the Guadalquivir rivers. Previous 
studies in these rivers have shown that increasing salt concentration may affect negatively 
diversity and abundance of the biota and have also described sublethal responses in 
invertebrates (Munné et al., 2003,  De Castro-Català et al., 2013). Recently, Cañedo-
Argüelles et al. (2013) have described salinisation as an urgent ecological issue in rivers 
around the world. 
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Aquatic organisms are highly susceptible to oxidative effects from pollutants (Regoli et 
al., 2002). Different groups of compounds can generate or enhance the production of 
reactive oxygen species (ROS) (Vlahogianni et al., 2007). Catalase activity is a sensitive 
biomarker of high-oxidative-stress conditions because it helps detoxify oxygen-free 
radicals and limits or prevents damage to macromolecules (Orbea et al.,1999). In this 
study, catalase activity of the filter-feeder H. exocellata (Trichoptera) was analised. Filterers 
are prone to the accumulation of pollutants, and so, they are sensitive biondicators of 
pollution associated with ROS generation and oxidative damage (Damasio et al 2011a). 
Catalase activity showed high variability between consecutive years and between basins. 
This high variability has already been reported for catalase and also for other biochemical 
biomarkers (Correia et al., 2003; Jemec et al., 2010). The temporal differences may be 
related to the natural variability of the enzymatic activity attributed to different 
populations. H. exocellata has more than one generation per year in these rivers; although 
all the individuals were sampled in the same period (early autumn), they corresponded to 
different cohorts. However, we found that there were no significant differences in the 
catalase activity between larval instars. Catalase activity in the studied basins tended to 
decrease downstream, which may be a response to the type and concentration of the 
chemicals interacting with the organism (Gust et al., 2013). Laboratory studies have 
reported increased levels of catalase respect to control conditions after exposure to 
pollutant mixtures (e.g., Gust et al., 2013 for PhACs or Stepic et al., 2013 for pesticides) 
but fewer studies have been performed in situ. Jebali et al. (2007) found increased levels 
of catalase with respect to control in a zone under intensive urban and industrial activity. 
However, Damásio et al., (2011a) observed an inhibition of catalase activity in H. exocellata 
transplanted individuals between the same sites of the Llobregat and, in agreement, 
Regoli et al. (2011) found significant inhibition of the catalase activity at the highest 
polluted condition. Our results suggest that organisms collected from the most polluted 
sites, mainly in the Llobregat, Júcar and Guadalquivir Rivers, could be more susceptible to 
suffer oxidative stress. Modelling the enzymatic activity revealed a tight relationship with 
two important groups of pollutants, PhACs and EDCs. Both groups are ubiquitous in the 
environment and have been detected at µg/L level in downstream sites. In particular, a 
quadratic response to PhACs was found. The response to EDCs was linear and positive. 
Therefore, the response of the biochemical biomarker to pollution by PhACs and EDCs 
appears to be positive and additive until it reaches a threshold at 200 ng/L of PhACs above 
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which concentration it decreased. The decreasing response of catalase was mainly found 
in the Llobregat, where the highest levels of PhACs were detected. The linear mixed-
effects model also reflected the importance of organic pollution in the enzymatic activity. 
DOC is a general (or non-specific) indicator of organic loadings in rivers. In general, DOC 
was low in the upstream sites in all the basins, and increased gradually downstream, 
particularly in the Llobregat and the Guadalquivir Rivers. 
After exposure D. magna feeding rates also decreased in all the studied basins. This 
general trend was negatively correlated with pesticide levels. The decline of cladoceran 
feeding rates after exposure to pesticides has been found in lab experiments 
(Fernándezcasaldelrey et al.,1994, Agatz et al., 2013). The reported effects respond to an 
impairment of metabolic functions, resulting in alterations in biochemical constituents 
(Sancho et al., 2009). The feeding functional response has already been tested in the 
Llobregat River (Damasio et al., 2011b) with the same result found in our study.  
The similar results obtained using multivariate analyses and linear mixed-effects models 
reinforce the relationships between structural and functional responses of invertebrate 
community and pollution. These results narrow the list of the prime candidates for toxicity 
risk in rivers under complex and multiple pollution inputs. Management and regulation in 
these Mediterranean rivers should focus mainly on two emerging contaminant groups: 
Endocrine Disrupting Compounds and PhACs. Taking into account that the increase in 
PhACs discharge in the environment has recently been identified as an important issue 
(Sutherland et al., 2012) for the conservation of biological diversity in the future, our 
findings add new knowledge and data to support these general claims.  
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approach as complementary assessment tools 
 
De Castro-Català, N., Kuzmanovic M., Roig, N., Sierra, J., Ginebreda, A., Barceló, D., Pérez, S., Petrovic, 
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Abstract 
The determination of the real toxicity of sediments in aquatic ecosystems is challenging 
and necessary for an appropriate risk assessment. Different approaches have been 
developed and applied over the last several decades. Currently, the joint implementation 
of chemical, ecological and toxicological tools is recommended for an appropriate and 
successful toxicity risk assessment. We chose the combination of the Toxic Unit approach 
with acute pore water tests (Vibrio fischeri, Pseudokirchneriella subcapitata and Daphnia 
magna) and whole-sediment exposure tests (V. fischeri, Chironomus riparius), together 
with invertebrate community composition (multivariate analyses) to detect short and 
long-term responses of the organisms in four rivers of the Iberian Peninsula. High toxicity 
was detected in three sites (the downstream sites of the Llobregat and the Júcar, and the 
most upstream site of the Ebro). We identified organophosphate insecticides and metals 
as the main variables responsible for this toxicity, particularly in the whole-sediment tests. 
In particular, chlorpyrifos was mostly responsible for the toxicity (TUs) of D. magna, 
coinciding with the C. riparius mortality (long-term toxicity) in the mentioned sites, and 
copper was the main pollutant responsible for the short-term toxicity of P. subcapitata. 
The combination of the different approaches allowed us to detect ecotoxicological effects 
in organisms and identify the main contributors to the toxicity in these multi-stressed 
rivers.  
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1. Introduction 
 
Sediment quality is crucial to the health of an aquatic ecosystem (Davoren et al., 2005). 
Many pollutants (e.g. metals and POPs) can bind physically and chemically with sediments 
and persist for long periods of time to become bioavailable depending under certain 
hydrological conditions and exert adverse effects on aquatic organisms (Winkels et al 
1998, Zoppini et al 2014). Therefore, sediments may act both as a sink and as a source of 
pollution (Hollert et al., 2000). 
The determination of emerging compounds (ECs) (e.g endocrine disrupting compounds, 
pharmaceuticals and personal care products) with target methodologies based on the 
combination of efficient extraction technologies and liquid chromatography mass 
spectrometry (LC-MS) (e.g., Llorca et al 2011, Masiá et al 2013, Köck-Schulmeyer et al 
2013, Gorga et al 2014) has allowed for the precise and accurate quantification of the 
organic pollution. However, chemical concentrations alone are insufficient to demonstrate 
adverse environmental effects because they do not provide any evidence of toxicity (US 
EPA, 1994; Zhou et al., 2008). Sediment toxicity is difficult to address because of the 
interaction of the chemicals with the sediment, which determines their bioavailability. The 
sorption strength of sediments may vary depending on the composition of sediments and 
the organic matter content (Cornelissen and Gustafson, 2005). In addition, this 
composition may vary with the hydrological dynamics of the river (e.g., flow fluctuations, 
changes in physicochemical variables).  
Suitable and ecologically relevant tools must be used to properly assess the toxicological 
impacts of sediment pollution. Various risk assessment methods are used to evaluate the 
potential toxicity of the sediment (e.g., toxic equivalent factor approach, toxic unit 
summation, hazard index) (Scholze et al., 2014). The toxic units (TU) approach, which was 
first proposed by Sprague and Ramsay (1965), was developed by Höss et al (2011) to 
evaluate the toxicity of complex mixtures in sediments for different organisms. Because it 
is based on the concentration addition model for mixture toxicity (Norwood et al., 2003 
and Sprague, 1970), and is valid for the application to organic chemicals and metals, TU 
allows for the estimation of the cumulative toxicity in sediment for key test organisms 
(e.g., D.  magna, P. subcapitata). 
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Different exposure routes, modes of chemical action and different sensitivities may exist 
for benthic organisms (Rodriguez and Reynoldson, 1999; Ingersoll et al., 2015). From an 
ecotoxicological perspective, various approaches (e.g., interstitial water quality, spiked 
sediment toxicity, tissue residue) were developed to detect the specific effects of 
chemicals on organisms living in sediment, but only whole-sediment tests using benthic 
organisms are suitable for a realistic risk assessment of the sediment compartment (OECD, 
1992; Vandegehuchte et al., 2013). It is possible to address adequately all routes of 
exposure using these tests (EC, 2003). Additionally, pore water tests may complement the 
whole-sediment toxicity, because benthic organisms are exposed both to interstitial water 
and sediment.  
Different species have different sensitivities to chemical stress; therefore, the combination 
of a battery of contact tests with organisms from different organizational and trophic 
levels allows a better sediment ecotoxicity assessment (Thurston et al., 1985; Maltby et al., 
2005; Höss et al., 2010; Tuikka et al., 2011). However, whole-sediment and pore water 
laboratory tests cannot capture effects that could be observed at the community level in 
the natural system. The direct and indirect effects of toxic pollutants on individuals and 
species may alter community structure (e.g., biodiversity decrease, change from sensitive 
to more tolerant species). The additional study of the whole community changes along 
the river basins might allow for the detection of responses at this level, thereby improving 
the ecological realism of the laboratory ecotoxicity assessment.  
In fact, the guidance documents of the WFD (EC, 2010) emphasize the need for new 
monitoring tools that help to understand the link between chemical and ecological status 
and provide indications for the use of ecotoxicity methods in a Triad approach, combining 
the three assessment methods mentioned above: chemical, laboratory bioassays, and 
ecology. Therefore, the aims of this study were to (i) study the sediment pollution of four 
Iberian rivers and determine their associated toxicity using the TUs approach; (ii) analyse 
the composition and density changes of the benthic invertebrates’ community; (iii) detect 
the specific effects of polluted sediment on organisms using a battery of toxicity bioassays 
with organisms of different organization levels, covering different trophic levels; and (iv)  
find common trends among the results of the bioassays and the community changes 
regarding the sediment ecotoxicity risk.
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2. Materials and methods 
2.1. Study area and sampling  
The study was performed in four representative rivers of the Iberian Peninsula: the 
Llobregat, the Ebro, the Júcar, and the Guadalquivir. The selected basins cover a 
substantial area of the Mediterranean region, as well as a rich set of socio-ecological 
conditions. The climate is Mediterranean, with mild and moderately moist winters, warm 
and dry summers and irregular rainfall concentrated in the spring and autumn. Only the 
upper section of the Ebro basin has a more continental climate. The four basins flow 
through areas with high population, particularly the middle and lower courses of the 
rivers. Important agricultural areas and industrial clusters are located in the watersheds, 
which depend on the surface and groundwater resources and water transfers (De Castro-
Català et al., 2014).  
 
Figure 1. Study sites in the Ebro, Llobregat, Júcar and Guadalquivir River basins (Iberian Peninsula). 
 
A total of 17 sites were sampled in early autumn of 2011, under conditions of base flow, 
in the main channel of the rivers: 4 in the Ebro (E1, E2, E3 and E5), 4 in the Llobregat (L3, 
L4, L5 and L7), 5 in the Júcar (J2, J4, J5, J6 and J7) and 4 in the Guadalquivir (G1, G2, G3 
and G4) (Fig. 1). The sites were selected along the rivers to represent the pollution 
gradients. At each site, a sediment sample (jointed sample of the uppermost 10 cm layer 
from the two river banks) was taken for chemical analyses. Five randomly distributed 
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sediment samples were taken to determine community composition. To perform the 
bioassays, sediment from the surface (10 cm) of the riverbed was collected and stored in 
two containers (~3 kg). Samples were mixed up before the toxicity assays.  
 
2.2. Chemical analyses  
2.2.1. Sediment characterization 
Sediment samples for grain size characterization and organic matter content 
quantification were taken in all of the sampling sites. The humidity of the sediments was 
measured using the UNE 77311  procedure and porosity, according to DiToro (2001) 
(Table S1). 
2.2.2. Organic pollutants  
A total of 21 Perfluorinated Compounds (PFCs) were determined by solvent extraction 
using acetic acid and methanol followed by liquid chromatography tandem mass 
spectrometry (LC-MS/MS) according to already reported procedures (Campo et al., 2015) 
and 50 pesticides (Pests), namely triazines, benzimidazoles, carbamates and 
organophosphates, were extracted by a modification of the QuEChERS approach and also 
determined by LC-MS/MS (Masià et al., 2015) (Table S2A). 
A total of 31 Endocrine Disrupting Compounds (EDCs), including estrogens (natural and 
synthetic), alkyphenolics, benzotriazoles (corrosion inhibitors), parabens, antimicrobials 
and  flame retardants were analysed using a method based on dual column switching 
using turbulent flow chromatography followed by liquid chromatography coupled to 
tandem mass spectrometry (TFC–LC–MS/MS) (Gorga et al., 2014). 
The concentrations of 73 Pharmaceutical Active Compounds (PhACs) belonging to 
different pharmaceutical families, namely analgesics and antiinflammatories, antibiotics, 
lipid regulators, antihypertensives, antihistamines, psychiatric drugs, diuretics and beta-
blockers, were determined in sediments using multi-residue analytical method based on 
LC-MS/MS after an extraction with the combination of  accelerated solvent extraction and 
solid phase extraction (Osorio et al., 2014).  
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Persistent Organic Pollutants (POPs), which comprised 16 Polycyclic Aromatic 
Hydrocarbons (PAHs) and 7 Polychlorinated Biphenyls (PCBs), were analysed by GC/MS 
following Quesada et al., (2014).  
2.2.3. Metals 
To calculate the metal bioavailability in sediments, a sequential extraction was performed 
according to the Community Bureau of Reference (BCR) method (Mossop and Davidson, 
2003), as adapted by Roig et al., (2013). The BCR sequential extraction method provides 
information about in which fractions of sediment are associated with the trace metals. 
Therefore, the metals bound by ionic exchange or forming carbonate salts correspond to 
the most bioavailable fraction, followed by metals bound to iron and manganese 
oxyhydroxides, organic matter and sulphides and the residual fraction. 
The concentrations of some Potentially Toxic Elements (PTEs) (arsenic (As), cadmium (Cd), 
chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), and zinc (Zn)) were 
analysed in the pore water of sediment, total sediment, BCR fractions and SEM by 
inductively coupled plasma-mass spectrometry (ICP-MS) (Roig et al., 2013). The metal 
concentrations in the total sediment was compared with the corresponding US EPA 
benchmarks in order to determine the potential risk of ecological damage (US EPA, 2007).  
Additionally, the acid-volatile sulfide (AVS) and simultaneously extracted metals (SEM) 
analysis was performed according to Allen et al., (1993) with some modifications, to 
distinguish the potentially cationic toxic metals associated to sulphides in sediments. If 
the SEM/AVS ratio is higher than one, toxicity due to bioavailable metals in sediment may 
be occurring. 
2.2.4. Toxic units  
The TU approach was used (Sprague, 1970; Völker et al., 2013) to evaluate the toxicity of 
sediments. Sediment toxic units were defined as the ratio of the estimated (for organic 
compounds) or measured (for metals) pore water concentration of a contaminant and the 
water exposure based on toxicity values for Daphnia magna (48-hour acute EC50) and 
Pseudokischneriella subcapitata (72-hour EC50) (Equation 1): 
                     TUi =   
CiPW
EC50iw
                                                                (1) 
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where TUi is the toxic unit of an individual compound detected in sediment; Cipw estimated 
(for organics, see below) or directly measured (for metals) pore water concentration (µg/l) 
of the compound; and water only exposure based EC50i (µg/l) effective concentration for 
50% of the individuals when exposed to the substance concerned. Following the 
equilibrium-partitioning approach (Di Toro et al., 1991), the measured bulk sediment 
concentrations were used to estimate the bioavailable fraction of organic contaminants 
in the pore water, as suggested by several authors (De Zwart et al., 2008; Schäfer et al., 
2011). Partitioning coefficients between sediment and water were (Kd) used to calculate 
the following (Equation 2): 
CS = CPW × Kd                                                                                                        (2) 
 
where, Kd is the partitioning coefficient between the water and sediment of the chemical, 
CS is the bulk sediment concentration and CPW the is the pore water concentration of the 
contaminant.  
 
For non-ionic organic chemicals, the organic matter was assumed to be the major binding 
phase in sediments (Di Toro et al., 1991). Therefore, the fraction of organic carbon in 
sediment (foc) and the partitioning coefficient between organic carbon and water (Koc) 
were used to calculate the pore water concentration (Equation 3): 
 
     CPW =
Cs
fOC  × KOC
                                                                       (3) 
 
 
The total risk of the sediment to aquatic life was assessed by summing the toxic units for 
all of the contaminants detected in the sample following the concentration addition 
concept (CA). Metals and organic chemicals were considered separately. For organic 
chemicals TUs were calculated for families of compounds and also for groups (PFCs, Pests, 
EDCs, PhACs and POPs) (Table S2A). 
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2.3. Invertebrates metrics 
2.3.1. Community composition 
Five sediment samples were randomly collected with a polyvinyl sand corer (24 cm2 area). 
Samples were sieved through a 500-µm mesh to isolate the macroinvertebrates, which 
were fixed with 4% formaldehyde. The invertebrates were sorted, counted, measured and 
identified in the laboratory under a dissecting microscope (Leica Stereomicroscope). The 
identification was at the species level for most taxa, -including Oligochaeta- with the 
exception of the Chironomids, which were identified to the genus level, and the Phylum 
Nematoda. The identification was performed according to Tachet et al., (2000) for 
macroinvertebrates, Brinkhurst et al., (1971) for Oligochaetes and Wilderholm (1983) for 
Chironomidae. 
 
2.3.2. Bioassays 
Ecotoxicity tests were performed in pore water and whole sediment samples. Pore waters 
were obtained by sterile vacuum filtration through 0.22 μm pore size. The ecotoxicity was 
evaluated using the following test organisms: the bacterium V. fischeri, the freshwater 
green algae P. subcapitata and the crustacean D. magna. The whole sediment ecotoxicity 
was evaluated with V. fischeri and the midge C. riparius. All these species are used 
worldwide as representative test species in ecotoxicology and toxicity data are available 
in literature for different compounds. 
The acute toxicity of the pore water and whole sediment was tested on the luminescent 
bacteria V. fischeri using the Microtox 500 Analyser (Azur Environmental LTd.). The 
inhibition luminescence test was performed following the Basic Test for 90% aqueous 
extracts and the Solid Phase Test in pore water and whole sediment, respectively, 
according to the Microtox supplier protocols and the norm ISO 11348-1:2007. The EC50 
at 15 minutes was calculated in both tests. The units of EC50 were expressed as percentage 
(v:v) and mg sediment/ml test medium in the pore water and whole sediment tests, 
respectively.  
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The D. magna acute immobilization test with pore water was performed using the 
microbiotest Daphtoxkit FTM (MicroBioTests Inc., Belgium) according to the 
corresponding supplier protocol and the OECD 202 norm.  
The toxicity of pore water for P. subcapitata was performed as required by the OECD 201. 
The EC50 at 72 h was calculated, and growth inhibition was considered the endpoint. Units 
of EC50 were expressed as percentage (v:v) of pore water dilution.  
The C. riparius long-term toxicity test was performed with whole sediment according to 
the ASTM E 1706-05 method (ASTM, 2005) considering survival, growth (biomass) and 
development (head width) as endpoints, following Agra et al., (2009).  
Toxicity acute effects were classified into different levels of toxicity following the ranges 
established by Roig et al (2015), which went from marginally toxic to highly toxic (Table 
1). For C. riparius, the effects were considered when values were equal or higher than 30% 
mortality or when significant differences in growth or development with respect to the 
control were observed. 
 2.4. Statistical analyses 
The normality and homoscedasticity of the chemical and environmental data set were 
tested with Kolmogorov-Smirnov tests. The chemical and sediment-related variables were 
log-transformed. Multivariate analyses were performed using CANOCO™ v4.56 software 
(Microcomputer Power, Ithaca, NY, USA). Rare invertebrate taxa (present in <5% of the 
samples) were omitted. The compounds were grouped into different families, taking into 
account their mode of action (Table S2A). A detrended canonical correspondence analysis 
(DCA) was initially performed on the benthic invertebrate data to determine whether 
unimodal (Canonical Correspondence Analysis, CCA) or linear ordination (Redundancy 
Analyses, RDA) methods were most appropriate (Lepš and Šmilauer, 2003). Finally, a CCA 
was used to explore the relationship among the chemical data (independent variables) 
and invertebrate abundances (dependent variables). Forward selection of significant 
variables was performed using Monte Carlo permutations test (n=1000). 
An ANOVA followed by Dunnet’s post-hoc tests was used to compare the sub-lethal 
responses of C. riparius with the controls. Spearman rank correlations between D. magna 
TUs and long-term effects, and between P. subcapitata TUs and short-term effects (P. 
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subcapitata and V. fischeri tests) were performed using SPSS software, version PASW 
Statistics 18 (IBM Corporation, 2009). 
 
3. Results 
3.1. Pollution  
3.1.1. Metals 
The BCR sequential extraction method showed that metals were the compounds with the 
highest loads that accumulated in the sediments of the four river basins. These high levels 
were mainly due to Zn. Sites J4 and L7 exceeded the reference values for river sediments 
for the total concentrations (Fig. 2). The most exchangeable fraction of Zn ranged from 
1.5 to 24.5 µg/g, with E3 presenting the highest concentration.  In addition to Zn, Ni was 
another metal with high concentrations of the exchangeable fraction in the sediments of 
the Guadalquivir River (1.8 to 4.1 µg/g), and in the most downstream site of the Llobregat 
River (1.7 µg/g). These levels of Ni showed that it was relatively available, especially in L7, 
G2, G3, G4, where the benchmarks for the total levels were exceeded. For Cu, J4, J7, G3 
and G4 exceeded the benchmarks. Cu binds primarily to the organic matter of the 
sediment, because it forms the strongest metal-humic acid complexes out of all of the 
divalent cations. In this case, the most bioavailable fraction was above 0.5 µg/g in E1, L5 
and J4. The most potentially bioavailable fraction of was below 0.4 µg/g in most of the 
sediments, and only L5 and L7 exceeded the benchmarks. L7, G3 and G4 exceeded the 
benchmarks for Cr, although the bioavailable fractions were insignificant. This result may 
indicate that Cr III is the predominant form of Cr (insoluble and midly toxic). Hg was the 
element whose benchmarks were exceeded at many points in the four basins. However, 
the residual fraction was very high and close to the benchmark in most sites, which 
indicated that the geological background levels were already high in these rivers. No 
benchmarks were exceeded for Pb, Co and Cd. However, Cd was the element that 
presented higher percentages of bioavailability (50% in many cases) and, although the 
total values were low, cadmium bioaccumulation cannot be discarded. The SEM/AVS 
analysis confirmed that J4, G4 and E2 presented high bioavailability of metals, and thus 
potential effects on organisms may be occurring in these sites (Table S3). 
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The concentrations of metals in pore waters were very low compared with the total 
concentrations in the sediment. This fraction corresponds to metals that are more readily 
available. Cu at some sites (J6, G2, E2, E3 and E5), and Hg and As in all sediments (except 
for G3 for As and G1 for Hg) exceeded the benchmarks for surface waters (US EPA, 2006) 
(Table S2B). Generally, pore waters tend to be more concentrated than surface waters, but 
it is important to emphasize that benthic organisms are highly exposed to them.  
 
The sites with highest levels of metals were J4 and L7, and being the latter site presented 
the highest diversity of metals, with levels above the reference thresholds for Zn, Cu, Hg, 
As, Cr and Ni.  
 
3.1.2. Organic chemicals 
POPs were the group of organic compounds with the highest levels detected, particularly 
in L4 and E1 where some PAHs (e.g., chrysene, pyrene, phenanthrene) were detected at 
the µg/g level (Fig. 3). The EDC nonylphenol reached concentrations of 100 ng/g in almost 
all the basins, with a peak of 200 ng/g in E3. Within the EDCs group, methylparaben and 
the flame retardant tris (chloroisopropyl) phosphate also reached high levels in the Júcar 
and Llobregat Rivers, respectively. One site in the Ebro River (E3) presented high values of 
both compounds. Among the pesticides, the organophosphate chlorpyrifos reached 40 
ng/g in the Llobregat. Some pesticides from the family of the azoles presented 
concentrations above 10 ng/g in the Júcar and the Llobregat Rivers. Almost all of the 
PhACs presented levels below 2 ng/g with the exception of ketoprofen , which presented 
values above 4 ng/g  in almost all the sites and above 10 ng/g in the J2 and L4. 
Metronidazole reached a peak of 8 ng/g in G4 and acridone (a transformation product of 
carbamazepine) reached levels above 5 ng/g in L4, J7 and E3.  
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Figure 3. Concentrations of the main groups of organic chemicals analysed in sediment (ng/g). 
 
3.2. Toxic Units 
3.2.1. TUs for Daphnia magna  
Total organic chemicals TUs ranged from 0.01 to 5.3 (Fig. 4A). The Llobregat River 
presented the highest values, with the exception of L7. E1 and G1 also presented high 
levels of toxicity, above 2. Organophosphate pesticides, specifically chlorpyrifos, were 
responsible for the high toxicity values in almost all of the sites were. The highest values 
(TU>2) for this insecticide were detected upstream of the Ebro River and midstream of 
the Llobregat River. Chlorfenvinphos and malathion (also organophosphates) presented 
high TUs in G1 (2.7) and J5 (1.3), respectively. Other pesticides that contributed to these 
very high levels of toxicity in the sediment were diazinon in the Guadalquivir River and 
the carbamate methiocarb in J1.  
The values for the total TUs for metals ranged from 0.05 to 1.65 (Fig. 4B). Two sites, J6 and 
E5, presented values higher than 1. Although Zn was the element with the highest 
measured concentrations, Cu had the highest toxicity. The EC50 values for D. magna (and 
P. subcapitata), are very low for the latter, compared with those of the other metals (Table 
S4). Therefore, the TUs for this metal were higher than 0.1 in all of the sites, which 
indicated a risk of acute toxicity.  
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The sums of POPs’ TUs were the highest in E4 (0.04), L4 (0.06) and L7 (0.035). The individual 
TUs were all below 0.03. PAHs (anthracene, benzo-a-pyrene and fluoranthene) dominated 
in all of the sites with the exception of L7, where two PCBs were detected. Other sites that 
presented lower values that were still above 0.001 were the rest of the sites of the Ebro 
and the Llobregat Rivers, J5 and G4. The TUs of EDCs increased towards downstream and 
were approximately 0.04 in G4, L6 and L7. The compounds with the highest TUs were 
methylparaben in G3, G4, J4, J5, J7 and L7, and some alkylphenols (nonylphenol and 
octylphenol) in the most downstream sites of the Ebro, Guadalquivir and Llobregat Rivers. 
The toxicity associated with POPs and EDCs was due to the high levels detected in the 
sediment, not to the high potential of toxicity of the compounds. The Guadalquivir River 
presented values higher than 0.002 for PhACs’ TUs in all the sites. G1 and G4 were the 
sites with the highest PhACs’TUs (0.008 and 0.006, respectively), which were mainly related 
to two antibiotics (ofloxacin and ciprofloxacin). The Llobregat River presented a high 
diversity of PhACs, but it did not exceed the TUs of 0.001 in any of the sites. The TUs of 
total PFCs were below 0.0005 in all of the rivers. In summary, the sites with the highest 
toxicity for the crustacean were L5, L3, L4, G1 and E1, mainly due to the toxicity of the 
insecticide chlorpyrifos. 
3.2.2. TUs for Pseudokirchneriella subcapitata  
Metals were the main contributors to toxicity for P. subcapitata (Fig. 4B). Metals’ TUs 
ranged from 0.2 to 3.6.  J6 was the site with the highest levels of toxicity. The Ebro River 
presented levels above one in all the sites, and the levels were higher than 2.5 in E5 and 
in J6. All of the sites had levels above 0.1 TUs. Cu was the main contributor, followed by 
Hg in the Júcar, and Ni and Zn in the Ebro River. Another metal with low EC50 values, 
apart from Cu, is Hg, which was the main responsible of metal toxicity upstream of the 
Júcar (J2, J4 and J5). The other metals contributing to the toxicity were Ni, Mg, and As. 
Nonetheless, the individual TUs were below 0.05. 
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Figure 4. Toxic Units for D. magna and P. subcapitata. A) Toxicity of organic compounds. B) Toxicity of 
metals. 
 
Total organic TUs ranged from 0.01 to 0.1 (Fig. 4A). POPs TUs were approximately 0.08 in 
E1, E3 and L4. In J5 and E5, the values were approximately 0.03 and were due to 
anthracene. PhACs were higher than 0.03 in G2, G3 and G4 due to the toxicity of 
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ciprofloxacin. EDCs’ TUs were below 0.02 in all of the sites, with the exception of J5 and 
downstream sites of the Guadalquivir and Llobregat Rivers, following the same trends as 
the D. magna TUs. Pesticides’ TUs were below 0.01 in all of the sites with the exception of 
J5, which presented a slim peak of prochloraz. Thus, green algae seem to be more sensitive 
to metals than cladocerans. Sites J6, E5, E2 and E3 presented the highest toxicity mainly 
due to the toxicity of copper. 
An underestimation of the real toxicological risk could have occurred to a certain degree 
due to the absence of toxicological data for some compounds such as some PCBs and 
PFCs. 
 
3.3. Benthic community of invertebrates 
The benthic community was primarily composed of Chironomidae and Oligochaeta. Some 
of the sites located upstream of the studied rivers presented some distinctive species not 
present in the respectively downstream sites, such as the oligochaeta Potamothrix 
hammoniensis in the Ebro River and the snail Potampyrgus antypodarum in the Júcar 
River. The taxonomical richness decreased downstream in all of the rivers. The taxa present 
in these downstream sites were more tolerant to pollution and included Polypedilum sp., 
Branchiura sowerbyi and Limnodrilus hoffmeisteri. 
 The Canonical Correspondence Analysis (CCA) between invertebrates’ densities and 
chemical and environmental variables explained 12% of the total inertia. The significant 
variables explaining the invertebrate density variation were the proportion of fine 
sediment (3.4%), POPs (3.4%), Pests (2.7%) and PFCs (2.5%) (Fig. 5). 
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Figure 5. Ordination diagram (CCA) between invertebrate community and pollutants and characteristics 
of the sediment in the Ebro, Llobregat, Júcar and Guadalquivir rivers. Abbreviations: Atr - Atrichops sp., 
Cae  - Caenis luctuosa, Eph - Ephemera danica, Lim – sF. Limoniinae, Pot - Potamopyrgus antipodarum, 
Drus – sF. Drusinae, Das- sF. Dasyheleinae, Cer – sF. Ceratopogoninae, Hel – Helobdella stagnalis, Pol 
– Polycelis nigra-tennis, Nem - P. Nematoda, Sim- Tr. Simuliini, Hem – sF. Hemerodromiinae, Cry - 
Cryptochironomus sp., Chi – Chironomus sp., Euk – Eukiefferiella sp., Reo – Reocricotopus sp., Dic – 
Dicrotendipes sp., Mic - Microtendipes sp., Pol - Polypedilum sp., Cla -  Cladotanytarsus sp., Sti - 
Stictochironomus sp., Mcs - Micropsectra sp., Nan - Nanocladius sp., Pen - Tr. Pentaneurinii, Cri - 
Cricotopus sp., Ort - Orthocladius sp., Thi - Thienemannimyia sp., Thll – Thienemanniella sp., Par – 
Parametriocnemus sp., Mac – Tr. Macropelopinii, Tan - Tanytarsus sp., Bra -  Branchiura sowerbyi, Lim.h 
-  Limnodrilus hoffmeisteri, Lim.u -  Limnodrilus udekemianus, Ptx -  Potamothrix hammoniensis, Lum -  
Lumbriculus variegatus, Enc -  F. Enchytraeidae, Nai.c – Nais communits, Nais.p - Nais pseudobtusa, 
Nais.v – Nais vairabilis, Psa - Psammoryctides barbatus, Pri – Pristina leidyi, Par.f – Paranais frici, Aul - 
Aulodrilus pigueti, Slav.i – Slavina isochaeta, Sla.a – Slavina appendiculata, Sty – Stylaria lacustris, Hap 
– Haplotaxis gordioides. 
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3.4. Ecotoxicity bioassays 
All sediments presented ecotoxicity for at least one bioassay with the exception of L4. 
Toxicity results obtained in solid phase tests presented higher ecotoxicity than those 
obtained on pore water tests (Table 1), although fine textured materials may interfere, 
especially for V. fischeri test. This species was the most sensitive according to the pore 
water tests. Four samples showed marginally ecotoxicity (E1, E2, E5, G4) and two others 
presented slightly ecotoxicity (E3 and J2) according to the ecotoxicity ranges (Roig et al., 
2015). Samples L5 and L7 were classified as marginally toxic for P.subcapitata, while 
samples G3, G4 and J2 were classified as slightly toxic. Any of the samples presented 
ecotoxicity for D. magna. Whole-sediment tests performed with V. fischeri presented 
ecotoxicity in almost all of the sediments, especially in the Guadalquivir River and in J5 
and J6. The mortality of C. riparius was of 50% in E1, and 30% in L5 and J5. Sub-lethal 
long-term effects were also observed in the ecotoxicity test with C. riparius. Individuals 
from J2 showed lower biomass with respect to the control (Dunnett’s test, p<0.01) and, 
on the other hand, individuals from G2 presented higher biomass (Dunnett’s test, p<0.05). 
Development seemed to be delayed in L5 (Dunnett’s test, p<0.05). According to these 
results, sediments that presented the highest ecotoxicity for the different tests were E1 
and L5, followed by J5, J2, G4, E3 and G2. 
Significant correlations among the results of the C. riparius test and D. magna TUs, and 
the results of V. fischeri tests and P. subcapitata TUs were found. The mortality of C. 
riparius was correlated with the TUs of chlorpyrifos (r= 0.48, p<0.05). Significant 
correlations were also detected between the TUs of PhACs and changes in development 
(r= -0.62, p<0.01) and biomass of C. riparius (r= -0.51, p<0.05). The TUs of PhACs were 
also correlated with the EC50 values of the V. fischeri whole-sediment test (r=-0.76, 
p<0.01). Regarding pore water tests, the EC50 values of V. fischeri were correlated with 
the TUs of metals (r= -0.53, p<0.05), particularly with the TUs of Ni (r= -0.57, p<0.05), and 
also with pore water concentrations of Hg (r= -0.57, p<0.05).  
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4. Discussion 
Using the TUs approach we evaluated the potential toxicity of the sediments. All the 
sediments of the Ebro River exceeded the value of expected acute toxicity for metals, and 
also for pesticides in site E1. TU values of the Guadalquivir and Llobregat Rivers’ sediments 
were high due to the presence of organic compounds. The sediments of the Júcar River 
presented high values of TUs for metals in some sites (e.g., J6) and high toxicity values for 
organic pollutants in other sites (e.g., J5). 
Combining the TU approach with the results of the bioassays, we could identify sites L5, 
E1 (3 different tests showed toxicity) and J5 (2 different tests showed toxicity, including C. 
riparius mortality) as those presenting higher ecotoxicity. The results of the bioassays 
matched with the results of the TUs approach in these sites. L5 presented the highest TUs 
for D. magna, mainly due to chlorpyrifos. A reduction of 30% of the survival was observed 
for the midge C. riparius in this site, as was a delay in development. Additionally, the As 
levels in the sediment were above the benchmarks, and toxicity was detected for V. fischeri 
and P. subcapitata. The same trend was observed in E1, the most upstream site of the 
Ebro River, and although the toxicity due to chlorpyrifos was not as elevated as in L5, TUs 
for metals exceeded one and the mortality of C. riparius was the highest in this site. E1 
was previously reported as a highly toxic site by Roig et al (2015). In J5 TUs were high due 
to another organophosphate insecticide: malathion. Reduction of 30% of the C. riparius 
survival was detected, and the toxicity for V. fischeri was severe. The levels of toxicity in 
these sites exceeded the threshold for expected acute effects (Schäfer et al., 2012).   
Organophosphorus (OPs) insecticides are widely used because they are highly effective 
and exhibit relatively nonpersistent characteristics. Moreover, these pesticides lack 
specificity, and it has been demonstrated that they are also highly toxic to nontarget 
species, including other aquatic organisms different than insects (Mise Yonar et al., 2014). 
In particular, chlorpyrifos has been categorised as “very toxic to aquatic life” and “very 
toxic to aquatic life with long lasting effects” (Watts, 2012). Lethal and sub-lethal effects 
have been detected in different invertebrate species, including C. riparius, at 
environmentally relevant concentrations (e.g., Aramborou et al 2015; Rakondravelo et al 
2006; Pérez et al 2013). Bioaccumulation of chrlopyrifos in fish’ tissues has been found by 
Masiá et al., (2015) in a study performed in the Llobregat basin. Chlorfenvinphos, which 
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has been banned in many countries because of its severe neurotoxic effects, presented 
very high toxic levels in G1, and, to a lesser extent, in J2. Malathion has also been reported 
as a compound highly toxic for invertebrates, causing acute and chronic effects even at 
the ng/L level, affecting the reproduction and the development of species such as D. 
magna (Barata et al 2004; Ren et al, 2007; Toumi et al, 2014). Acute and chronic effects 
have also been detected for chironomids at the ng/L level (Rebechi et al 2014). Another 
pesticide worthy of note is diazinon, which has been described as one of the most stable 
organophosphates (Albanis et al., 1998; Aronzon et al 2014) and presented certain toxicity 
in three of the four basins, particularly in the Guadalquivir River. The toxic effects of 
diazinon to non-target organism have been reported for several groups of aquatic 
organisms, including cladocerans (Fernández-Casalderrey et al., 1995; Sánchez et al., 2000; 
Bailey et al., 2001; Jemec et al., 2007) and chironomids (Schuler et al., 2005). 
In general, the solid phase tests showed higher ecotoxicity levels than did the pore water 
tests. This observation was in accordance with the results of the study performed by Roig 
et al., (2015). Despite no effects were detected with the D. magna pore water short-term 
assay in any of the sampling sites, long-term effects were detected with the C. riparius 
whole sediment test in some sites, including lethality. These results allowed for the 
detection of relevant effects after chronic exposure, and support the importance of 
combining a battery of tests for a correct ecotoxicological assessment. Although it has 
recently been detected that species with high metabolic rates (e.g., D. magna) are more 
sensitive to pollutants than species with lower metabolic rates (Baas et al, 2015), the 
toxicity data collected for some insects by the same authors provided evidence of their 
high sensitivity to the OPs pesticides. That is, the toxicity of a pollutant is also determined 
by its mode of action in relation to the test organism. On the other hand, toxicological 
data (e.g., EC50) of the cladoceran are widely available for compounds that belong to 
different chemical groups, with different modes of action, but toxicity data for insects such 
as C. riparius are still too scarce to perform a TU approach with this species.  
The toxicity risk showed by the pesticides in our basins could somewhat be detected in 
the CCA. The variability in density of the invertebrate species was explained by a 3% for 
changes in pesticides’ levels, mainly OPs. Other relevant compounds that explained the 
community changes were POPs, mostly PAHs, which presented toxicity, although to a 
certain extent, in L4 and E1. It is well known that the chemical properties of industrial POPs 
Discussion 
154 
 
make them persistent in the sediments of aquatic ecosystems, and they are able to 
bioaccumulate easily in the tissues of biota and eventually cause toxicological effects 
(Covaci et al., 2005; Naso et al., 2005; Van Ael et al 2012).  
The sediments of the Guadalquivir River had high toxicity, although it was only detected 
with the V. fischeri short-term bioassay. This toxicity may be related to the toxicity of 
metals (high TUs for P. subcapitata), particularly Cu, Ni and Hg and also to some PhACs 
(antibiotics). In G2, the SEM/AVS ratio indicated high toxicity due to bioavailability of 
metals and long-term effects were also detected with the C. riparius test. High levels of Ni 
may be an indicator of recent anthropogenic pollution (Krachler et al., 2003), because it is 
a metal widely used in industry and it can be found at elevated levels in freshwater areas 
surrounding heavily developed urban areas, but it may also be related with previous 
metal-mining activities. The Guadalquivir River basin was particularly affected by this 
element. An excess of Ni have been found to affect survival of algae (Eisler, 1998;  Muyssen 
et al., 2004) and also of some freshwater gastropod species (Peters et al 2013; Niyogi et 
al 2014). The toxicity of Cu and Zn, can be explained by their bactericidal and antimicrobial 
nature affecting the enzymatic systems. Additionally, Cu is a strong inhibitor of 
photosystem II electron transport activity and can alter the energy storage capacity in 
algae during photosynthesis and decrease chlorophyll a content (Mallick and Mohn, 2003 
; Bossuyt and Janssen, 2004 and Sabatini et al., 2009). Cu and Zn have both been found to 
be more toxic for algae than for daphnids (Ardestani et al 2014), which could explain why 
toxic effects were detected with the P. subcapitata and V. fischeri tests but not with the D. 
magna test. Toxicity of Hg was important in the Júcar River, especially upstream. This 
metal can bioaccumulate and have severe implications in vertebrate and invertebrate 
organisms (Cardoso et al., 2012; Cabecinhas et al., 2015). In algae it may cause alterations 
in enzymatic activities and photosynthetic inhibition (Jonsson and Aoyama 2009) at 
concentrations in the range than those detected in interstitial water of the sediments of 
the Júcar River.  
De Castro-Català et al (2015) have found that PhACs and EDCs from water in the same 
rivers are the most likely chemical families related to benthic invertebrate responses. 
Regarding water toxicity, Kuzmanovic et al (2015) have also identified OPs insecticides 
and alkylphenolic compounds (EDCs) as the main contributors of toxicity for D. magna in 
these four basins. In the present study, metals and some OPs were the main contributors 
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to sediment toxicity, what emphasizes the different fate of pollutants (water or sediment) 
depending on their chemical characteristics. The properties of compounds (e.g., 
partitioning coefficient) coupled with the sediment characteristics (e.g., organic carbon 
content, grain size) are determining the chemical composition of sediments. 
Mediterranean rivers are characterized by important hydrological fluctuations (Bonada 
and Resh, 2013). Floods can periodically remove river bed sediment, mainly the fine 
fraction, and the interaction and persistence of pollutants in sediment are influenced by 
this hydrological dynamism. In fact, the fine sediment percentage was a significant 
variable for the community composition (see CCA analyses), which highlights the 
importance of sediment dynamism in these basins. In addition to the effects of toxic 
pollutants, excessive fine sediment loads may result in the elimination of certain species, 
particularly those with sensitive traits (Buendia et al., 2013) and their habitats (Chester et 
al., 2013).  
 
5. Conclusions 
We identified hotspots of sediment toxicological risk in the studied rivers using a 
combined approach of TUs, a battery of ecotoxicity bioassays and local invertebrate 
community description. Short-term effects in V.fischeri and P.subcapitata, and long-term 
sub-lethal and even lethal effects in C. riparius indicate that sediment toxicological risk is 
highly severe in some sites of the studied rivers, and that it can affect the invertebrate 
communities, particularly if this exposure is continuous and accumulative over time and 
along the river. The TUs approach helped to identify OPs insecticides (chlorpyrifos) and 
metals (mainly Cu, but also Hg and Ni) as the main contributors responsible for the 
toxicological effects in the sediments. These results suggest a strong necessity to keep 
developing toxicity studies with organisms from different organizational levels, covering 
the range of different sensitivities to compounds with different modes of action. The 
development of studies at higher levels of organization (e.g., community) is also crucial to 
provide ecologically relevant predictions of toxic effects in the environment. Finally, this 
study also evidences the importance of integrating ecological, toxicological and chemical 
techniques for an appropriate toxicological risk assessment.  
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Supplemmentary material 
 
Table S1. Humidity, fine sediment and organic matter percentages of the sediment samples. 
 
 
site % humidity 
% fine sediment 
(<0.03 mm) 
% organic 
matter in 
sediment 
E1 20 0.42 4.70 
E2 27.8 0.05 3.95 
E3 25.7 0.50 4.96 
E5 36.1 0.48 7.22 
G1 18.9 0.15 2.47 
G2 31 1.07 3.73 
G3 31.7 0.34 3.77 
G4 28.2 1.17 5.67 
J2 33 0.39 4.29 
J4 16.9 0.31 13.91 
J5 36.1 0.22 6.76 
J6 19.1 0.37 1.26 
J7 19.5 0.03 2.61 
L3 23.3 0.51 1.48 
L4 13.1 0.02 1.63 
L5 23.6 0.02 1.50 
L7 40 0.06 3.58 
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Table S3. Cationic metals concentration extracted with HCl, simultaneously extracted metals (SEM), acid 
volatile sulfides (AVS) and SEM/AVS ratio. Units in μmol/L. 
site SEM AVS SEM/AVS 
E1 0.30 16.57 0.02 
E2 0.40 0.33 1.19 
E3 1.39 3.02 0.46 
E5 0.48 15.16 0.03 
G1 0.46 1.51 0.31 
G2 0.68 0.12 5.80 
G3 1.06 2.42 0.44 
G4 0.79 0.60 1.32 
J2 0.69 135.53 0.01 
J4 3.53 1.30 2.72 
J5 0.38 60.93 0.01 
J6 0.16 3.14 0.05 
J7 0.46 4.47 0.10 
L3 1.07 17.56 0.06 
L4 0.49 1.18 0.41 
L5 0.88 5.93 0.15 
L7 2.51 36.59 0.07 
 
 
Table S4. Toxicological data of studied compounds for green algae and Daphnia sp. 
Compound Compound  class EC50 green algae 
(µg/l) 
EC50 Daphnia sp. 
(µg/l) 
Ref. 
Acetaminophen Pharmaceutical 134000 9200 Grung et al. (2008) 
Acridone Pharmaceutical 6738 3419 ECOSAR 
Albendazol Pharmaceutical 174 1225 ECOSAR 
Alprazolam Pharmaceutical 1064 2845 ECOSAR 
Amlodipine Pharmaceutical 6883 8479 ECOSAR 
Amoxicilin Pharmaceutical / / / 
Atenolol Pharmaceutical 190000 205000 ECOTOX 
Atorvastatin Pharmaceutical / / / 
Azaperol Pharmaceutical / / / 
Azaperone Pharmaceutical 833 1340 ECOSAR 
Azithromycin Pharmaceutical 1874 3070 ECOSAR 
Bezafibrate Pharmaceutical 18000 30000 ECOTOX 
Carazolol Pharmaceutical 2660 60000 Sanderson et al. 
(2003) 
Carbamazepine Pharmaceutical 85000 76300 ECOTOX 
Cefalexin Pharmaceutical / / / 
Cimetidine Pharmaceutical 787 379000 ECOSAR 
Ciprofloxacin Pharmaceutical 2970 60000  
Citalopram Pharmaceutical 360 652 ECOSAR 
Clarithromycin Pharmaceutical 46 3307  
Clopidogrel Pharmaceutical / / / 
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Codeine Pharmaceutical 1800 23000 Sanderson et al. 
(2003) 
Desloratidine Pharmaceutical 26981 49307 ECOSAR 
Dexamethasone Pharmaceutical 983 21438 ECOSAR 
Diazepam Pharmaceutical 1249 3129 ECOSAR 
Diclofenac Pharmaceutical 14500 22000 Grung et al. (2008) 
Diltiazem Pharmaceutical / / / 
Dimetridazole Pharmaceutical 350 4272 ECOSAR 
Enalapril Pharmaceutical 18695 46266 ECOSAR 
Enalaprilat Pharmaceutical 2523000 3690000 Sanderson et al. 
(2003) 
Erithromycin Pharmaceutical 20 30500 VSDB 
Famotidine Pharmaceutical 478143 314690 ECOSAR 
Fluoxetine Pharmaceutical 800 510 ECOSAR 
Fluvastatin Pharmaceutical 1350 5268 ECOSAR 
Furosemide Pharmaceutical 19797 560033 ECOSAR 
Gemfibrozil Pharmaceutical 4000 4900 ECOTOX 
Hydrocodone Pharmaceutical 4239 5449 ECOSAR 
Ibuprofen Pharmaceutical 4000 34000 ECOTOX 
Indomethacine Pharmaceutical 18000 26000 Sanderson et al. 
(2003) 
Iopromide Pharmaceutical 370000000 7660000000 Sanderson et al. 
(2003) 
Irbesartan Pharmaceutical / / / 
Ketoprofen Pharmaceutical 164000 248000 Sanderson et al. 
(2003) 
Levamisol Pharmaceutical 943 1394 ECOSAR 
Loratidine Pharmaceutical 62 100 ECOSAR 
Lorazepam Pharmaceutical 1683 44712 ECOSAR 
Losartan Pharmaceutical 180 2100 ECOSAR 
Meloxicam Pharmaceutical 184 3994 ECOSAR 
Metformin Pharmaceutical / / / 
Metoprolol Pharmaceutical 8305 9383 ECOSAR 
Metronidazole Pharmaceutical 40400 1000000 VSDB 
Metronidazole-Oh Pharmaceutical / / / 
Nadolol Pharmaceutical 22538 22609 ECOSAR 
Naproxen Pharmaceutical 137944 121543 ECOSAR 
Norfluoxetine Pharmaceutical / / / 
Ofloxacin Pharmaceutical 2444544 31750 ECOSAR 
Olanzapine Pharmaceutical 52515 46786 ECOSAR 
Phenazone Pharmaceutical 1100 6700 Sanderson et al. 
(2003) 
Piroxicam Pharmaceutical 289 768 ECOSAR 
Pravastatin Pharmaceutical 85494 8588 ECOSAR 
Propanolol Pharmaceutical / / / 
Propyphenazone Pharmaceutical 1000 3500 Sanderson et al. 
(2003) 
Ranitidine Pharmaceutical 66000 63000 Sanderson et al. 
(2003) 
Ronidazole Pharmaceutical 1080 19445 ECOSAR 
Salbutamol Pharmaceutical / / / 
Sertraline Pharmaceutical 43 120 ECOTOX 
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Sotalol Pharmaceutical / / / 
Sulfamethoxazole Pharmaceutical 1900 25200 Grung et al. (2008) 
Tamsulosin Pharmaceutical / / / 
Tenoxicam Pharmaceutical / / / 
Tetracycline Pharmaceutical 6000 6000 Grung et al. (2008) 
Torasemide Pharmaceutical / / / 
Trazodone Pharmaceutical 396 1567 ECOSAR 
Trimethoprim Pharmaceutical 16000 121000 ECOTOX 
Valsartan Pharmaceutical 3865 44337 ECOSAR 
Venlafaxine Pharmaceutical 635 1062 ECOSAR 
Estriol Hormone 22250 5235 ECOSAR 
Estrone Hormone 8740 2184 ECOSAR 
Estradiol Hormone 4299 1129 ECOSAR 
Ethinyl estradiol Hormone 2000 2500  
Diethylstilbestrol  Hormone 330 180 Sanderson et al. 
(2003) 
Caffeine Stimulans 760 46000 ECOSAR 
Cocaine Ilicit drug 5482 5482  
Benzoylecgonine Ilicit drug 12041000 6805000 ECOSAR 
LSD Ilicit drug / / / 
Cannabidiol Ilicit drug / / / 
Ephedrine Ilicit drug 26591 23805 ECOSAR 
Methamphetamine Ilicit drug 1967 2509 ECOSAR 
Lorazepam Ilicit drug 1683 44712 ECOSAR 
Morphine Ilicit drug 43555 32000 ECOSAR 
3-Hydroxycarbofuran Pesticide 16932 209 ECOSAR 
Acethochlor Pesticide 0.27 8600 PPDB 
Alachlor Pesticide 6 7700 ECOTOX 
Atrazine Pesticide 9.5 35000 ECOTOX 
Azinphos ethyl Pesticide 372 0.2  
Azinphos methyl Pesticide 7150 1.1 ECOSAR 
Burpofezin Pesticide 330 420 PPDB 
CARBENDAZIM Pesticide / / PPDB 
Carbofuran Pesticide 6500 9.4 PPDB 
Chlorfenvinphos Pesticide 1360 0.25 PPDB 
Chlorpyriphos Pesticide 480 0.1 PPDB 
Deisopropylatrazine Pesticide 198 1348 ECOSAR 
Desethylatrazine Pesticide 2803 1259 ECOSAR 
Diazinon Pesticide 6400 1 PPDB 
Diclofenthion Pesticide 420 1.1 PPDB 
Dimetoate Pesticide 30200 560 PPDB 
Diuron Pesticide 2.4 270 ECOTOX 
Ethion Pesticide 326 0.056 PPDB 
Fenitrothion Pesticide 1300 8.6 PPDB 
Fenoxon Pesticide 1790 5.7 PPDB 
Fenthion Pesticide / / / 
Fenthion Sulfone Pesticide / / ECOSAR 
Fenthion sulfoxide Pesticide / / / 
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Hexythiazox Pesticide 400 470 PPDB 
Imazalil Pesticide 1480 3100 PPDB 
Imidacloprid Pesticide 10000 85000 PPDB 
Isoproturon Pesticide 13 580 PPDB 
Malathion Pesticide 13000 0.7 PPDB 
Methiocarb Pesticide 2200 8 PPDB 
Metoalachlor Pesticide 57100 23500 PPDB 
Molinate Pesticide 500 14900 PPDB 
Ometoate Pesticide 167500 22 PPDB 
Parathion-ethyl Pesticide 500 2.5 PPDB 
Parathion-methyl Pesticide 3000 7.3 PPDB 
Prochloraz Pesticide 5.5 4300 PPDB 
Propanil Pesticide 110 2390 PPDB 
Propazine Pesticide 180 17700 PPDB 
Pyriproxyphen Pesticide 150 400 PPDB 
Simazine Pesticide 40 1100 PPDB 
Tebuconazole Pesticide / / PPDB 
Terbumeton Pesticide / / PPDB 
Terbutryn Pesticide 2.4 2060 PPDB 
Terbutylazine deethyl Pesticide / / / 
Thiabendazole Pesticide 9000 810 PPDB 
Tolclophos-methyl Pesticide 780 / PPDB 
1H-Benzotriazole Industial organic 5904 66766 ECOSAR 
Tolytriazol  Industrial organic  3851 36053 ECOSAR 
Nonylphenol 
monoethoxylate 
Industrial organic 12200 12200 PPDB 
Octylphenol Industrial organic 210 11 PPDB 
Octylphenol diethoxylate Industrial organic / / / 
Octylphenol 
monocarboxylate 
Industrial organic / / / 
Octylphenol 
monoethoxylate 
Industrial organic / / / 
Tris(2-chloroethyl) 
phosphate 
Industrial organic 38000 135300 ECOSAR 
Tris(butoxyethyl) 
phosphate 
Industrial organic / / / 
Tris(chloroisopropyl) 
phosphate 
Industrial organic 47000 21315 ECOSAR 
Bisphenol A (BPA) Industrial organic 2700 7750 Sanderson et al. 
(2003) 
Nonylphenol (NP) Industrial organic 197 140 ECOTOX 
Nonylphenol diethoxylate Industrial organic 555 211 ECOSAR 
Nonylphenol 
monocarboxylate 
Industrial organic 2250 707 ECOSAR 
L-PFOS Perflourinated 
compound 
23640 37360 Durjava et al. (2012) 
PFBA Perflourinated 
compound 
262150 177620 Durjava et al. (2012) 
PFOA Perflourinated 
compound 
748098 207000 Durjava et al. (2012) 
PFNA Perflourinated 
compound 
481632 92800 Durjava et al. (2012) 
PFDA Perflourinated 
compound 
437414 77100 Durjava et al. (2012) 
PFUdA Perflourinated 
compound 
318660 56400 Durjava et al. (2012) 
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PFDoA Perflourinated 
compound 
241916 73680 Durjava et al. (2012) 
L-PFBS Perflourinated 
compound 
645000 1938000 Durjava et al. (2012) 
L-PFDS Perflourinated 
compound 
/ 4800 Durjava et al. (2012) 
4-Methylbenzylidene 
camphor 
Personal care product / 9900 Fent et al. (2010) 
Benzophenone-3 Personal care product / 1900 Fent et al. (2010) 
Ethylhexyl 
methoxycinnamate 
Personal care product / 9870 Fent et al. (2010) 
Ethylparaben Personal care product 20172 18700 Brausch and Rand 
(2011) 
Methylparaben Personal care product 18092 4600 Brausch and Rand 
(2011) 
Benzylparaben Personal care product 1735 4000 Brausch and Rand 
(2011) 
Propylparaben Personal care product 4407 2627 Brausch and Rand 
(2011) 
Triclorocaraban Personal care product 20 10 Brausch and Rand 
(2011) 
Triclosan Personal care product 0.53 390 Brausch and Rand 
(2011) 
1,2,3-trichlorobenzene Persistent organic 
pollutant 
900 1850 ECOTOX 
1,2,4-trichlorobenzene Persistent organic 
pollutant 
1400 1700 ECOTOX 
Acenaphthene Persistent organic 
pollutant 
322 3450 ECOTOX 
Acenaphthylene Persistent organic 
pollutant 
2416 1549 ECOSAR 
Anthracene Persistent organic 
pollutant 
3.9 96 ECOTOX 
Benzo[a]anthracene Persistent organic 
pollutant 
290 71.6 ECOSAR 
Benzo[a]pyrene Persistent organic 
pollutant 
15 1.8 ECOTOX 
Benzo[b]fluoranthene Persistent organic 
pollutant 
125 541 ECOSAR 
Benzo[g,h,i]perylene Persistent organic 
pollutant 
54 12 ECOSAR 
Benzo[k]fluoranthene Persistent organic 
pollutant 
125 35 ECOSAR 
Chrysene Persistent organic 
pollutant 
290 1900 ECOSAR 
Dibenzo[a,h]anthracene Persistent organic 
pollutant 
54 265.23 ECOSAR 
Fluoranthene Persistent organic 
pollutant 
41400 78 ECOTOX 
Fluorene Persistent organic 
pollutant 
3400 430 ECOTOX 
Indeno[1,2,3-c,d]pyrene Persistent organic 
pollutant 
54 12 ECOSAR 
Naphthalene Persistent organic 
pollutant 
2960 6175 ECOTOX 
PCB101 Persistent organic 
pollutant 
41 10 ECOSAR 
PCB138 Persistent organic 
pollutant 
16 6.08 ECOSAR 
PCB149 Persistent organic 
pollutant 
16 / ECOSAR 
PCB153 Persistent organic 
pollutant 
16 1.3 ECOSAR 
PCB170 Persistent organic 
pollutant 
16 / ECOSAR 
PCB180 Persistent organic 
pollutant 
16 2.1 ECOSAR 
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Phenanthrene Persistent organic 
pollutant 
411 598 Malaj et al. (2014) 
Pyrene Persistent organic 
pollutant 
656 195 ECOSAR 
Mn Metal 8100 29000 Reimer (1999) 
Hg Metal 0.7 9.63 Kudlak et al. (2011) 
Co Metal 100000  4400  ECOTOX 
Ni Metal 125 1000 ECOTOX 
Cu Metal 21 39.05 ECOTOX 
Zn Metal 67 1670 ECOTOX 
As Metal 674 3800 Kudlak et al. (2011) 
Pb Metal 1.8 4400 Kudlak et al. (2011) 
Cd Metal 45 123 Kudlak et al. (2011) 
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Is reproduction of the snail Physella acuta affected by 
endocrine disrupting compounds? An in situ bioassay in 
three Iberian basins 
 
De Castro-Català, N.; López-Doval J.C.; Gorga, M.; Petrovic, M.; Muñoz, I. 2013.   
Journal of Hazardous Materials, 263: 248-255 
 
Abstract 
An in situ bioassay was conducted in three Iberian basins (Ebro, Llobregat and Júcar Rivers) 
to study the reproductive effects on the freshwater snail Physella acuta. Adult individuals 
were transplanted in specially designed cylindrical cages. Endpoints included mortality, 
number of eggs and clutches, number of eggs per clutch and embryo development after 
8 days. The results were contrasted with laboratory controls. Significant changes in P. 
acuta reproduction parameters were detected in all of the rivers: the number of clutches 
or eggs per snail decreased in the Ebro and Llobregat basins downstream but the number 
of eggs per clutch increased. The complete development of snails was delayed at some 
sites downstream in the Júcar and the Ebro basins. The results were contrasted with 
concentrations of Endocrine Disrupting Compounds (EDCs) and their Estrogenic 
Equivalent Quotients (EEQs). Positive relationships (Pearson correlations) were identified 
between the number of eggs per clutch and the total EDC concentration, bisphenol A 
(BPA) and their EEQs, lipid regulators and diuretics. These endocrine-disrupting chemicals 
may constitute a toxicological risk for the reproductive performance of snails in the 
studied basins. 
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1. Introduction 
River ecosystems are subject to a wide range of pressures and are heavily exploited and 
managed. River water is used for agricultural, industrial and domestic purposes that lead 
to water contamination with numerous natural and synthetic compounds. Recent 
scientific literature indicates a growing interest in environmental contaminants that 
interfere with the normal endocrine function of aquatic life (Crisp et al., 1998; Thorpe et 
al., 2003). Endocrine Disrupting Compounds (EDCs) affect organisms through diverse 
mechanisms: by mimicking or antagonizing the hormone effects, altering the synthesis 
and metabolism of hormones and modifying hormone receptor levels (Stavrakakis et al., 
2008). The EDC group includes, among others, natural and synthetic hormones, some 
pharmaceuticals, alkylphenolic (AP) compounds originating from the biodegradation of 
surfactants and detergents and bisphenol A (BPA), which is used in the manufacturing of 
flame retardants and polycarbonates. Evidence also suggests that some pesticides (e.g., 
alachlor, dicofol, methoxychlor, chlordane, diuron) can disrupt the endocrine systems of 
fish and other aquatic species (Crisp et al., 1998). EDCs enter rivers mainly as a result of 
the inefficient treatment of estrogenic compounds during sewage treatment. 
Estrogenicity persists in the receiving waters, and the concentrations that are present in 
natural systems (rivers, estuaries, and coastal areas) are high enough to result in 
deleterious reproductive consequences (Jobling and Tyler, 2003). 
Mediterranean rivers are characterized by a drought period of low water discharge, 
predominantly during summer. In relation to other regions of the world, the 
Mediterranean basin is one of the most vulnerable to climate changes (Barceló and 
Sabater, 2010). Recent analyses in Mediterranean watersheds indicate that climate change 
is responsible for decreasing water flows (Marcé and Armengol, 2010). With the same level 
of pollutant inputs, especially from Wastewater Treatment Plants (WWTPs), a reduction in 
the water flow in rivers results in an increase in the concentration of pollutants and their 
associated toxicities (Osorio et al., 2012) endangering water quality and fluvial 
communities (López-Doval et al., 2013). Several works highlight the presence of EDCs in 
WWTP effluents in Mediterranean rivers mainly in industrial and urban areas (Chahinian 
et al., 2012; González et al., 2012; Kuster et al., 2008; López-Doval et al., 2013; Stasinakis 
et al., 2012). 
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Some of the harmful effects that are observed in freshwater organisms and may be caused 
by endocrine-disrupting mechanisms, as summarized by Colborn et al. (1993), include 
effects on reproduction and development, defeminization and masculinization, decreased 
fertility, hatching success, or hermaphroditism, generally described for fish and 
gastropods. The majority of ecotoxicological laboratory tests focus on toxicity 
assessments with individual chemicals under simulated or controlled conditions, whereas 
only a few studies address more realistic environmental, multi-compound situations (Fent 
et al., 2006). In situ tests are one way to address this problem, where standard or target 
organisms are exposed directly in the field (Crane et al., 2007). Bioassays with caged, single 
species have been used to determine the toxic effects of pollutants in situ for invertebrates 
(Maltby et al., 2002; Schmitt et al., 2010). One key advantage of these bioassays is their 
greater relevance to the natural situation, especially with respect to pollution. Additionally, 
in situ bioassays enable the detection of effects in caged individuals more rapidly (hours 
to days) comparing with the time needed to observe changes in community structure 
(months to years) (Maltby et al., 2002). This methodology has enabled the detection of 
lethal and sublethal responses in invertebrates that are biologically linked to key 
ecological processes, such as detritus processing, algal grazing rates, growth and 
reproduction. Nevertheless, most of these studies have been designed to detect major 
point contaminant impacts, such as the effects of pesticides after application or rainfall 
runoff of metals from mine drainage (Barata et al., 2007; McWilliam and Baird, 2002) and 
industrial effluent discharges (Maltby et al., 2000). Less is known about its effectiveness at 
detecting sublethal effects on aquatic organisms that are chronically exposed to multiple 
environmental factors or/and to low levels of contamination (Maltby et al., 2002). 
Gastropod snails have been reported to be excellent test organisms for the determination 
of endocrine disrupting effects (Duft et al., 2007; Oehlmann et al., 2007a). The fact that 
their hormone system appears to be quite unique for invertebrate species and is to some 
extent comparable to those of vertebrates (Thornton et al., 2003) may provide new 
alternatives for the replacement of vertebrate animal testing. Some gastropod species 
have been reported to be tolerant of various stressors but especially sensitive to EDC 
pollution (Schmitt et al., 2008). 
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With these points in mind, the major objective of this current work is to study the survival 
and reproduction of Physella acuta in three Mediterranean basins where EDCs have been 
detected using the in situ bioassay methodology.  P. acuta has high reproduction rates, 
passive dispersal capacities and resistance against perturbations, pollution and a broad 
thermal tolerance (Seeland et al., 2012). This species is present in the sampled rivers; 
therefore, this approach provides the unique opportunity to link observed effects directly 
to field populations. Additionally, the results of the snail measurements were contrasted 
with the EDC concentrations in river water and their estrogenic equivalent quotients 
(EEQs). We hypothesized that the reproductive performance (number of clutches, eggs 
and hatching) of the snails would differ from control conditions at those sites and rivers 
with higher EDC concentrations in the river water.  
 
2. Materials and methods 
2.1. Study area  
The experiment was conducted in three rivers of the Iberian Peninsula: the Ebro, the 
Llobregat and the Júcar (Fig. 1). The climate in these basins is Mediterranean, with mild 
and moderately moist winters, warm, dry summers and irregular rainfall concentrated in 
the spring and autumn. Only the upper portion of the Ebro basin has a more continental 
climate. The three watersheds are highly populated, and have important agricultural areas 
and industrial clusters that depend on the surface and groundwater resources and water 
transfers.  
The Llobregat River is 156 km long and drains a 4.957 km2 catchment. It is subject to heavy 
anthropogenic pressure (4.5 million inhabitants in the valleys), receiving extensive urban 
and industrial wastewater discharges as well as surface runoff from agricultural areas that 
cannot be diluted by its natural flow, mostly in the dry seasons. Consequently, the water 
has a high concentration of nutrients and priority and emerging pollutants (Sabater et al., 
2012) with important effects on biological communities and ecosystem functioning 
(López-Doval et al., 2013; Navarro-Ortega et al., 2012; Ricart et al., 2010). 
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Figure 1. Study sites in the Ebro, Llobregat and Júcar basins (Iberian Peninsula). 
 
The Ebro River is 910 km long and drains an area of 85.534 km2 from north central to 
northeast Spain. It has a complex hydrologic regime because it receives water from 
tributaries with different climates. Despite its larger size, it has a smaller population than 
the Llobregat, some 2.7 million inhabitants, of which 45% live in the five biggest cities in 
the region located mainly at the middle section (Navarro-Ortega et al., 2012). The Ebro 
watershed is one of the most agricultural irrigated regions in Spain, although recently the 
industrial sector has become increasingly important. Consequently, a broad spectrum of 
emerging contaminants has been found recently in the water and sediment (Navarro-
Ortega et al., 2010). 
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The Júcar River is 498 km long and drains a 21.632 km2 catchment. The one million people 
living in the basin use the available water intensively (Estrela et al., 2006). Agriculture 
accounts for most of the water demand, but industrial and urban demands are increasing. 
The Júcar is highly regulated, and the management of the system is very complex, which 
leads to considerable hydrologic fluctuations. In the middle region, agriculture causes 
high nitrate concentrations in groundwater and surface water, whereas in the lower 
region, there is a combination of agriculture, urban, and industrial pollution (Navarro-
Ortega et al., 2012; Paredes-Arquiola et al., 2010). 
A total of 12 sites were selected: 3 in the Ebro, 4 in the Llobregat and 5 in the Júcar basin 
(Fig. 1). Sites were selected along the rivers to represent pollution gradients.  
 
2.2. Chemical analyses  
The sampling parameters that were measured included oxygen, pH and conductivity, 
which were measured in the field (WTW Meters, Weilheim, Germany), and nutrients, which 
were analysed following the standard procedures (American Public Health Association et 
al., 1999). Temperature was measured continuously during the experiment at each site at 
the water authorities' gauging stations (Confederación Hidrográfica del Ebro CHE, 
Confederación Hidrográfica del Júcar CHJ, Agencia Catalana de l’Aigua ACA). 
A total of 27 compounds from 11 chemical families (Table 1) were analyzed in the water 
samples, which were taken simultaneously with the cage experiment samples (see below). 
Water samples were analysed by dual column liquid chromatography switching system 
coupled to mass spectrometry (EquanTM Direct Injection Technology LC-LC-MS/MS from 
Thermo Scientific) using a method developed by Gorga et al. (2013).  Beside well known 
EDCs such as natural and synthetic hormones, BPA, alkylphenolic compounds, the list of 
target compounds also includes some related compounds which are suspect EDCs, such 
as parabens, benzotriazoles, phosphate flame retardants, selected pharmaceuticals, 
triclosan. Table 1 lists compounds detected in analyzed samples. 
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Table 1. EDCs detected in the three basins, grouped by chemical families. E2 equivalent values were 
included for those compounds with bibliographic information available. 
 
Relative estrogenicity factors (Céspedes et al., 2004), determined for each EDCs through 
recombinant yeast assay (RYA) were used in order to estimate the estrogenic activity of 
the compounds detected in water samples. Relative estrogenicity factors were defined as 
the EC50 of each compound relative to the EC50 of 17-β-estradiol. The EC50 is defined as 
the contaminant concentration that produces 50% maximal response estrogenic thereof. 
Using the relative estrogenicity factor (E2 equivalents, Table 1) and detected 
concentrations for each compound (Ci) estradiol equivalents (EEQ) were calculated:  
EEQ (ng/L) = Ci x E2 equiv. 
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The estrogenic activity was evaluated only for those groups of EDCs that have 
estrogenicity relative values from the study of Céspedes et al. (2004): natural and synthetic 
estrogens and their conjugates, alkylphenolic compounds, anti corrosives and plasticizer 
BPA. 
 
2.3. In situ cage experiment 
Physella acuta is a gastropod common in Mediterranean freshwaters. Snails were collected 
from an undisturbed river (la Llèmena, Catalonia, northeast Spain) and reared in aquaria 
for 2-3 days before setting the cages in the river.  
Eight adult individuals of the snail Physella acuta were transplanted into cylindrical cages 
(750 cm3 volume) that were made of poly(methyl methacrylate) at the different sites. 
Cages were specially designed to allow water to pass through and contained food 
(TetraMin fish food) to meet the nutritional needs of the snails. Six cages were placed at 
each site. At the same time, controlled laboratory experiments were developed. Two 
controls were performed (15ºC and 22ºC) according to the range of temperatures that 
was found in the rivers to correct the effect of temperature on reproduction.  
After 8 days, the adults and clutches were collected and preserved with ethanol (70%) for 
laboratory analyses. The end points included mortality, number of clutches, total number 
of eggs and embryo development. Embryos were differentiated in 4 developmental 
stages: morulae, trocophore, veliger and juvenile (Fig. 2). The last stage was considered 
complete development. 
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Figure 2. Developmental stages of the snail Physella acuta. A) Morula/gastrula. B) Trochophore 
(beginning of foot and shell formation). C) Early veliger larva. D) Juvenile or hippo. Legend: s: shell; 
h:heart; me: mantle; t: tentacle; e: eye; f: foot. 
 
2.4. Statistical analyses 
The normality and homoscedasticity of the data set were tested with Kolmogorov-
Smirnov tests. Chemical and environmental variables were log transformed when 
necessary to fulfill normality and homoscedasticity assumptions. Analyses of the variance 
(one way-ANOVA) followed by Dunnet’s post-hoc tests were performed to detect 
differences in reproduction endpoints and embryo development between laboratory 
control and experimental sites. Hatching and egg development depend on temperature, 
which was different at each site. Reproductive variable data from lab and field tests were 
expressed relative to the accumulated degree-days (DD, daily average temperature 
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multiplied by the number of days) to contrast the data among sites. Pearson’s correlation 
coefficients (significant correlation at p<0.05) among the biological response variable 
(reproduction), EDC concentrations, EEQ values, and environmental variables were 
calculated.    
Statistical analyses were performed using SPSS software, version PASW Statistics 18 (IBM 
Corporation, 2009). 
 
3. Results 
3.1. Chemical analyses 
The physicochemical water characteristics are summarized in Table 2. Conductivity ranged 
from 400 to 700 in the Ebro, 1400 and 2300 in the Llobregat, and 800 and 1400 µS/cm in 
the Júcar, increasing downstream in all three rivers. Oxygen saturation ranged from 70 to 
110 %, with less oxygenated sites located downstream (EBR2, EBR3, LLO7 and JUC7). The 
pH was fairly constant at all of the sites, with a mean value of 8.3. The range of 
temperatures was quite wide, from 13 °C upstream of the Ebro to 26 °C downstream of 
the Llobregat, which was the warmest river.  
The concentrations of EDCs were in the range of  ng/L at all of the sites with, the exception 
of some families in the LLO7, for which the concentration of alkylphenols, flame retardants 
and, especially, azoles, were at the range of μg/L (Fig. 3A). Additionally, a high 
concentration of azoles was measured at EBR3. At most of the sites, the highest 
concentrations corresponded to the family of azoles, mainly due to the high loads of 1H-
benzotriazole. 
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Table 2. Physicochemical data for the 12 sites at the beginning and end of the experiment. . C15: control 
at15ºC. C22: control at 22ºC. (*) Mean value of temperature and accumulate degrees, calculated from the 
continuous data (from the water agencies: CHE, ACA, CHJ). 
 
 
From the EDCs that were analyzed, only the values of EEQs for six compounds were 
included (Fig. 3B). The EEQ and concentration patterns along the rivers were quite 
different.  LLO4 and JUC5 had higher EEQ values despite their lower concentrations with 
respect to the other sites on the same rivers. The highest values correspond to those sites 
with highest concentrations (EBR3, LLO7). The hormone estrone had a high EEQ value at 
almost all of the sites, with the exception of JUC6. Nonylphenol’s EEQ was also high at 
JUC5, LLO4 and especially at EBR3 (Fig. 3B). Octyphenol was also present in the total EEQ 
at LLO7. 
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Figure 3. A) Concentration of EDC families (µg/L) in the three basins. B) EEQs (µg/L) for those EDCs 
with estrogenic activity reported in literature. 
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3.2. In situ cage experiment 
No significant mortality with respect to the laboratory control was detected during the 8 
days of the experiment. The number of clutches hatched per snail ranged from 0.5 to 3. 
Once corrected by degree-days, there were differences with respect to the control at most 
sites on the Ebro and Llobregat Rivers (ANOVA, p=0.004 and p=0.0001, respectively; Fig. 
4A) but not in Júcar River. In both rivers, the number of clutches decreased towards the 
lower reaches. 
The mean number of eggs per clutch was quite variable, ranging from 25 at EBR2 to 65 at 
LLO7. There were significant differences with respect to the control at all of the sites on 
the Llobregat River and in two sites on the Júcar River, which increased  downstream 
(ANOVA, p=0.0001; Fig. 4B). The total mean number of eggs hatched per snail during the 
8 days ranged from 20 to 150. Once the effect of temperature was corrected, the number 
of eggs per snail was lower with respect to the control at downstream sites on the 
Llobregat River (LLO7) (ANOVA, p=0.04) and at two sites on the Ebro River (EBR1, EBR3) 
(ANOVA, p=0.001; Fig. 4C). In summary, although the number of eggs per clutch increased 
downstream, the total number of clutches decreased, causing the total number of eggs 
to decrease, especially at EBR3 and LLO7. 
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3.3. Embryo development  
The development of snails reached the juvenile stage at those sites with higher 
temperatures (mean values of approximately 20ºC and more than 140 accumulated 
degree-days), which were located at the lower part of the studied reaches in the Ebro and 
Júcar Rivers, and, in the case of the Llobregat River, at all of the sites. Significant 
differences from the control were observed in the number of juveniles at JUC6, JUC7 and 
EBR3. At these sites, the proportion of juvenile snails (i.e., completely developed) was 
lower with respect to the control (Dunnett’s test, p<0.05). No differences were observed 
in the proportions of the other developmental stages (Fig. 5). 
 
 
Figure 5. Mean proportions of the different developmental stages at the sites and control corresponding 
to 22ºC. 
 
3.4. Relationships between reproductive endpoints and water 
chemistry 
Correlation coefficients (Table 3) calculated with the data from the three basins indicated 
a significant positive relationship between the number of eggs per clutch and BPA, lipid 
regulators and diuretic concentrations. This relationship was also significant for the sum 
of all of the EDCs. Correlations with the EEQ values were only significant for BPA.  
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Table 3. Significant Pearson correlation coefficients among the reproduction endpoints and EDCs 
(concentrations and EEQs) (n=12). 
 
 
 
 
 
 
 
4. Discussion 
This study was designed to quantify the reproductive performance of the snail Physella 
acuta using an in situ cage experiment in three rivers on the Iberian Peninsula. Changes 
in reproductive endpoints and development of the snails were detected downstream of 
the basins, and the results for laying variables (number of eggs per clutch, total number 
of eggs and clutches per individual) were correlated with the concentration of the EDCs 
that were analyzed simultaneously in water samples. The presence of different EDCs was 
detected at all of the sampling sites in the three basins. The highest values were 
discovered in the Llobregat and Ebro Rivers downstream of the studied reaches. The 
highest concentrations in all of basins corresponded to the family of azoles, along with 
alkylphenols, and phosphate flame retardants. When we analyzed the estrogenic activity 
in the water, expressed as estradiol equivalents (EEQs), for some of the most abundant 
compounds in the river samples, the highest risk was observed at the same sites where 
the total EDC concentration was high and was predominantly associated with estrone and 
alkylphenols. 
Over the last few decades, studies have demonstrated estrogenic effects in vertebrates 
and invertebrates. Purdom et al. (1994) reported an induction of estrogenic responses in 
fish that were exposed to natural and synthetic hormones in water at concentrations of 
* p-value<0.05, ** p-value<0.01 
Chapter 6 
 
191 
 
0.1-1 ng/L. Young et al. (2002) proposed a tentative long term predicted no-effect 
concentration (PNEC) for freshwater fish of 1 ng/L for estradiol (E2) based on a thorough 
literature review. Thus, EEQ values higher than 1 ng/L in the aquatic environment may 
cause reproductive problems in some fish. In our three rivers, the concentrations were 
higher than 0.1 ng/L except for EEQs, which were lower than 1 ng/L. However, not all of 
the compounds present in the water had literature values for estrogenicity, and our total 
EEQ calculation only included six compounds. There is also strong evidence from 
laboratory studies to suggests the potential for several EDCs to cause endocrine 
disruption in freshwater mollusks at environmentally realistic exposure levels [24] and [38]. 
Therefore, the concentrations that we measured in our study rivers could potentially cause 
endocrine disruption effects in snails, as evidenced by changes in reproduction. 
Our study detected significantly lower numbers of eggs and clutches downstream that 
could indicate a decrease in total fertility and a higher number of eggs per clutch.  Segner 
et al. (2003) reported the same result (an increase in the number of eggs per clutch) for 
Lymnaea stagnalis, another freshwater gastropoda, that were exposed to ethynylestradiol 
(EE2) under laboratory conditions. They also discovered disturbances in egg hatching, a 
decrease in the growth of second generation snails and an alteration of their protein 
metabolism (LOEC: 50-500 ng/L). Exposure of the freshwater prosobranch Potamopyrgus 
antipodarum to up to 25 ng/L of EE2 stimulated the embryo production of the snails, 
whereas higher concentrations led to inhibitory effects. This reverse U-shaped pattern in 
the response was also observed after exposure to two other EDCs: BPA and OP, although 
at higher concentrations (Jobling et al., 2003). In natural systems, Jobling et al. (2003) 
reported that an exposure to estrogenic sewage effluent resulted in an increased 
reproductive output. Oehlmann et al. (2007) reported effects on reproduction and sexual 
development in prosobranch snails that were exposed to EDCs at environmentally 
relevant levels, reflecting their high susceptibility to EDCs in general. The changes in 
reproductive performance that were observed in this study could be related to the 
concentration of EDCs. 
Higher numbers of eggs per clutch were significantly correlated with higher 
concentrations of total EDCs. The highest coefficients were observed for BPA, followed by 
lipid regulators (bezafibrate, gemfibrozil) and the diuretic furosemide. The EEQ for BPA 
was also positively correlated with this measure. Isidori et al. (2010) found evident 
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estrogenic activity for bezafibrate and gemfibrozil in an in vitro yeast estrogen screen 
assay. In a caged in situ experiment with P. antipodarum, Schmitt, et al. (2010) reported a 
significant increase in snail reproduction when certain groups of estrogenic compounds, 
mainly estrone and nonylphenol, were present in the river. BPA has been reported to 
inhibit the binding of natural androgens to the androgen receptor. Lewis et al. (2012) 
described significant increases in estrogen concentrations in adult females and juveniles 
of the amphipod Gammarus pseudolimnaeus at low BPA concentrations (10 µg/L) with 
potential effects on population sex-ratio and oocyte structure. Despite increasing the 
number of eggs per clutch, the lower total number of clutches leads to a lower total 
number of eggs in the most polluted sites. However, these data must to be handled with 
care when extrapolating to natural populations, because they only demonstrate a 
statistical relationship that describes the probability that endocrine disrupting compounds 
could be responsible for the observed effects on snail reproduction.  
Physella acuta had a high resistance and adaptability to different environmental 
conditions that were found in the studied basins. This effect was reflected in the high 
survival rate at all sites, which makes them appropriate subjects for testing sub-lethal 
responses. However, this species is a hermaphrodite, and the effects on the reproductive 
pathways and performances in hermaphroditic species are more subtle due to the 
complex sexual apparatus and the variety of reproductive strategies that can take place 
simultaneously (e.g., self-fecundation vs. outcrossing) (Giusti et al., 2013).  In these species, 
where sexual differentiation cannot be used as an effective criterion, it is important to 
investigate other more suitable endpoints (i.e., oviposition, fecundity and embryonic 
development).  In this work, along with changes in laying, the downstream sites in the 
Jucar and Ebro Rivers had lower proportions of total embryo development. Surprisingly, 
the same result was not observed in the Llobregat River, where the total EDC 
concentrations were higher. Sieratowicz et al. (2011) reported that the number of embryos 
per clutch increased due to the presence of BPA. They explained that neonates are more 
sensitive than embryos to BPA (1-2d exposure, 10-50 µg/L). Czech et al. (2001) observed 
that the percentage of successfully hatched eggs was lower in Lymnaea stagnalis that 
were exposed to different EDCs, and Sánchez-Argüello et al. (2012) highlighted the fact 
that P. acuta embryos that were exposed to BPA suffered significantly reduced hatchability 
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at 0.5 mg/L. Thus, BPA was present at almost all of the sites and, jointly with other EDC 
inputs, may be responsible for the lower number of juveniles.  
Impaired reproduction and development that are causally linked to endocrine-disrupting 
chemicals are well documented in a number of species and have resulted in local or 
regional population changes (Vos et al., 2000). Although most studies have described 
results related to heavily polluted areas, endocrine disruption is a potential global 
problem. A decrease in the total number of eggs at sites with the highest EDC 
concentrations, the higher number of eggs in clutches observed downstream, the 
impairment of embryo development, and the statistical correlation between some families 
of EDCs and reproductive variables indicates that this problem is also important in 
Mediterranean basins. The reduction in fertility in the cage experiment may indicate a 
potential decline in population density in natural systems, as was observed in local 
populations of marine snails that were exposed to tributyltin (a biocide used in antifouling 
paints) worldwide (Oehlmann et al., 2007b).  However, these changes should be confirmed 
with analyses of natural snail population in studied rivers. 
 
5. Conclusion 
Based on an in situ experiment, we discovered effects on reproductive performance in 
Physella acuta that were exposed to natural conditions in three Iberian basins along 
pollution gradients. A higher number of eggs per clutch but a lower number of total eggs 
and clutches per snail were found in the most polluted sites. The higher number of eggs 
per clutch was significantly related to higher concentrations of total EDCs, mainly BPA, 
lipid regulators and diuretic compounds. These endocrine-disrupting chemicals may 
represent a toxicological risk for the reproductive performance of snails in the studied 
basins. This risk could increase during drought periods in Mediterranean rivers. This field 
experiment provides stronger evidence than studies based only on laboratory work and 
will help to focus management decisions.  
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Abstract 
In the last years, behaviour-related endpoints have been proposed as rapid and reliable 
ecotoxicological tools for risk assessment. In particular, the use of detritivores to detect 
specific effects of pollutants through feeding is currently becoming a well-known method. 
Experiments combining feeding and locomotor behavioural endpoints can provide 
relevant information about direct and indirect toxicological effects of chemicals. A feeding 
experiment was carried out to detect indirect (leaf conditioning) and direct effects (water 
exposure) of environmentally relevant concentrations of two pollutants, the fungicide 
prochloraz and the antidepressant fluoxetine, in the freshwater amphipod Gammarus 
pulex. Biochemical (fungal biomass, CN, leaf litter decomposition) and behavioral (feeding 
and locomotion) endpoints were combined to study the toxic effects of the compounds. 
Prochloraz inhibited fungal growth on leaves. Individuals fed on control leaves, which 
were richer in ergosterol (fungal biomass), presented higher consumption rates than the 
others. Amphipod behavior was modulated by the direct exposure to fluoxetine, leaf 
treatment and consumption, with fluoxetine direct exposure being the most outstanding 
contributor to the increased velocities. Therefore, both pollutants caused significant 
sublethal effects at low concentrations. The combination of different direct and indirect 
endpoints provided a useful tool for early detection of toxicity mixtures in freshwater 
ecosystems. 
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1. Introduction 
 
Most of the rivers of densely populated countries receive both diffuse (e.g. agricultural 
runoff) and point source (e.g., waste water treatment plants) pollution inputs, and thus 
are contaminated with complex mixtures of chemicals of different origin  (Sumpter, 2009). 
Biota in running waters are exposed, to varying degrees, to this contamination.  
Apart from well-known regulated pollutants, many studies have revealed the widespread 
occurrence of low level concentrations of organic micropollutants in the aquatic 
environment called 'emerging contaminants' (ECs) (Lapworth et al., 2012; Schwarzenbach 
et al., 2006). These compounds are not regulated and the knowledge of their effects on 
natural systems area is scarce. One important group of ECs present in aquatic systems are 
Pharmaceutical Active Compounds (PhACs). The majority of PhACs are released to the 
environment in an active form which can potentially have an impact on the organisms 
that inhabit these areas (Bossus et al., 2014; Proia et al., 2013). Particularly, concerns 
regarding some antidepressants such as selective serotonin re-uptake inhibitors (SSRIs) 
have been increasing due to their demonstrated effects in biological activity in 
environmentally relevant concentrations, especially in crustaceans and molluscs 
(Demeestere et al., 2010; Ford and Fong, 2015; Guler and Ford, 2010; Johnson et al., 2007; 
Minagh et al., 2009; Styrishave et al., 2011). Fluoxetine is one of the most widely prescribed 
antidepressants, being in the top four psychiatric drugs prescribed in 2013 (Grohol, 2013) 
and it has been detected at tens and even hundreds of ng/L in freshwater systems  
(Mennigen et al., 2011; Pelli and Connaughton, 2015). This SSRI acts by blocking the 
plasma membrane serotonin transporter and, since most invertebrates use serotonin as 
neurotransmitter, it can have specific mode-of-action effects on a variety of different 
species of invertebrates (Johnson and Sumpter, 2014).  
Another important group of pollutants widely extended in aquatic systems due to the 
intensification of agriculture are pesticides, which have recently been identified as a threat 
for the biodiversity of stream invertebrates in Europe (Beketov et al., 2013). Fungicides are 
a group of pesticides mainly used to prevent the crops from fungal attack. They are widely 
used in many regions and, in particular, in the European countries have been detected at 
high concentrations in aquatic systems (Belenguer et al., 2014; Bjergager et al., 2011; Deb 
et al., 2009). In a study performed by De Castro-Català et al. (2015), fungicides were 
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identified as the main group of pollutants explaining changes in invertebrate communities 
along the Júcar River, in the Iberian Peninsula. Prochloraz is an imidazole fungicide that is 
widely used in Europe as a pesticide in rice, oat, wheat, potato, tomato, garlic and citrus 
cultivation. In the agricultural area of the Ebro and the Júcar, it has been detected at 
concentrations of 80 ng/L and also high toxic units have been calculated for this fungicide 
(Kuzmanović et al., 2015). Prochloraz inhibits the growth of fungi by inhibiting the 
cytochrome P450-monooxygenase and, thus, the synthesis of ergosterol, a fungal sterol. 
It has been demonstrated that, a part from inhibiting fungal growth, it can also affect 
other organisms by inhibiting other activities, such as the detoxicative P450 activity in 
honey bees, and interact in the synthesis of testosterone in vertebrates at the ng/l level 
(Ankley et al., 2009; Dang et al., 2015; Schmuck et al., 2003).  
The use of toxicity tests based on single species responses has been widely proposed as 
a complementary tool in biological and chemical conventional surveys. Nonlethal 
endpoints are more sensitive than mortality or community structural changes and can be 
used as early warning indicators of toxic stress. In the last years behaviour-related 
endpoints have been proposed as rapid and reliable ecotoxicological tools for risk 
assessment (Melvin and Wilson, 2013; Michalec et al., 2013; Ren et al., 2015). In particular, 
the use of detritivores to detect specific effects of pollutants through feeding is currently 
becoming a well-known method. Feeding is a behavioural endpoint mechanistically linked 
to ecosystem functions and therefore an unequivocal ecologically meaningful response 
(Maltby et al., 2002; Wallace and Webster, 1996). However, the application of feeding tests 
as early detection tools of toxic risk in freshwater ecosystems is still scarce. Experiments 
combining feeding and locomotor behavioural endpoints can provide relevant 
information about direct and indirect toxicological effects of chemicals. 
In this study, a feeding experiment was carried out using the freshwater shredder 
Gammarus pulex to detect indirect and direct effects of the two pollutants previously 
described: the fungicide prochloraz and the antidepressant fluoxetine. We measured leaf 
consumption rate of the amphipod and its movement velocity following exposure. The 
objectives of the experiment were (i) to study the indirect effects of the pollutants on the 
amphipod consumption rate through leaf litter conditioning, and (ii) to study the direct 
effects of fluoxetine on the animal due to the water exposure. We hypothesized that the 
amphipod consumption on leaves conditioned with these pollutants will be reduced. 
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Consumption rate will be lower on leaves conditioned with the fungicide because it limits 
the fugal growth and make leaves less palatable. On the other hand, as fluoxetine can 
affect the nervous system of the animal, higher effects on consumption and on velocity 
are expected if the animals are exposed to this antidepressant.  
 
2. Material and methods 
2.1. Conditioning experiment 
Alnus glutinosa leaves were collected after abscission in late autumn of 2014 in New 
Forest Park (N 50°53'01.1", W 1°31'42.9"). Leaves were conditioned for 14 days in glass 
tanks under continuous aeration. The conditions of exposure were 12:12 LD cycle at 15ºC, 
and the leaves were conditioned under four different treatments: (i) control (water of the 
river, C), (ii) 6 µg/L of Prochloraz, equivalent to the LC50 values reported for algae, (P), (iii) 
100 ng/L of Fluoxetine (F) and (iv) a mixture of both compounds, 6 µg/L of Prochloraz and 
100 ng/L of Fluoxetine, (M). Water was renewed every 3 days. 
Fluoxetine (CAS no. 56296-78-7) and prochloraz (CAS no. 67747-09-5) were obtained 
from Sigma–Aldrich® (St. Louis, MO, USA).  
Water concentrations of prochloraz and fluoxetine before and after water renewal were 
analytically verified by liquid chromatography tandem mass spectrometry (LC–MS/MS). 
LC analyses were performed using an Agilent (Waldbronn, Germany) Model 1260 binary 
pump equipped with an autosampler, and a Kinetex column (100 × 2.1 mm i.d., 2.6 µm) 
(Phenomenex, Torrance, CA, USA) was used. Gradient elution was carried out with water–
0.1% formic acid (solvent A) and acetonitrile–0.1% formic acid (solvent B) at a constant 
flow-rate of 500 µl min−1. A linear gradient profile with the following proportions (v/v) of 
solvent B was applied (t(min), %B): (0, 10), (5, 50), (10, 100), (12, 100), (12.1, 10), (16, 10). 
The column was thermostated at 40 ºC. A linear ion trap quadrupole LC-MS/MS 4000 
QTRAP mass spectrometer (ABSciex, Concord, ON, Canada) was used to obtain the MS 
and MS/MS data. All the analyses were performed using a Turbo V ion source in positive 
ion mode with the following settings: capillary voltage +5500 V, nebulizer gas (N2) 50 
(arbitrary units), curtain gas (N2) 20 (arbitrary units), collision gas (N2) 10 (arbitrary units), 
declustering potential (DP) +40V, focusing potential −200 V, entrance potential 10 V, 
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drying gas (N2) heated to 500° C at 20 (arbitrary units). The declustering potential (DP) 
and the collision energy (CE) were optimized for each compound in infusion experiments. 
Individual standard solutions (10 ng µl−1) dissolved in 80 : 20 mobile phase (A : B) were 
infused at a constant flow-rate of 5 µl min−1 into the mass spectrometer using a Model 
11 syringe pump (Harvard Apparatus, Holliston, MA, USA). Quantitation was done in MRM 
mode with the following transitions: 376.06/307.90 for prochloraz: during 50 msec and 
310.3/44.3 for fluoxetine during 50 msec. 
To determine the biomass of leaves remaining after the 14 d treatment, leaves samples 
from the tanks were dried in the oven (70 ºC, 72 h) and weighted. After that, they were 
burnt in a muffle furnace (500 ºC, 4h) and weighted to calculate the ash-free dry weight 
(AFDW).  
Three litter discs from each treatment were dried (60ºC, 72 h) and pulverised with a mortar 
and pestle. C and N analyses were performed with EA Flash 1112 ThermoFinigan Scientific 
Analyzer using vanadium pentoxide as oxidation catalyzer.  
Ergosterol was measured as an indicator of fungal biomass in freeze-dried leaf discs after 
the 14 days of conditioning in each treatment. It was extracted from lyophilized leaf discs 
using KOH methanol (0.14 M at 80 °C for 30 min), and then separated by solid-phase 
extraction (Waters Sep-Pack® Vac RC, 500 mg, tC18 cartridges, Waters Corp., Milford, 
MA, USA) (Gessner and Schmitt, 1996). Ergosterol was quantified using a JASCO LC-2000 
series HPLC system (JASCO, Tokyo, Japan). Separation was achieved by a Gemini-NX 5 μm 
c18, 250 × 4.6 mm analytical column (Phenomenex, Torrance, CA, USA). The mobile phase 
was 100% methanol at a flow rate of 1200 μL min− 1. Chromatographic data were 
acquired and processed with ChromNAV Software software (JASCO). 
 
2.2. Feeding experiment 
G. pulex individuals were collected by 500 µm-mesh hand-net from the second order 
stream River Ems, in Westbourne (N 50°51'34.8", W 0°55'45.8") in late November 2014. 
After a week of acclimation in lab conditions and 24 hours of starvation, animals were 
sorted and adult males with no visual sign of infection by trematodes were isolated. G 
pulex were photographed, and the dorsal length (DL) of their first thoracic segment 
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measured (software: ImageJ v.1.45s, National Institutes of Health, USA; 0.001mm 
accuracy). Individuals ranging between 0.7 mm and 1.2 mm in size of the first segment 
were used for the experiment. 
During the shredding experiment the amphipods were kept individually in plastic 
containers filled with 80 mL of filtered river water at 10 °C under a 12:12 LD cycle and fed 
with the leaves previously conditioned under the four different treatments (C, P, F and M; 
26 individuals for treatment). For each one of these feeding treatments, 13 individuals 
were kept for 14 days with only river water (Control, C) and 13 individuals were exposed 
to 100 ng/l of fluoxetine (F) (Fig. 1) to test the direct effects of the antidepressant. Water 
was renewed every 3 days, molting and mortality were recorded along the 14d 
experiment, and excrements were collected each day to avoid their consumption. 
 
Figure 1. Experiment design and nomenclature of each treatment. 
 
Leaf consumption was estimated from the 13-mm alder leaf discs as the difference 
between initial and final dry mass, divided by the time and by the final invertebrate 
biomass (Feio and Graça, 2000). Six discs were offered to each animal, and after a week 
the remnant material was recovered, oven-dried and weighted to estimate final leaf ash-
free dry mass. Invertebrates were weighed at the end of the experiment to express 
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consumption per mg of animal. Leaf consumption was not measured in microcosms where 
invertebrates died. 
Velocity assays were performed after the 14 d of exposure to each condition using 
DanionVision™ (Noldus Information Technology, Wageningen, The Netherlands) and its 
software EthoVision® XT (v 8.1). Animals were put in 12-wells plates and placed within 
the DanioVision hardware for 2 min to allow settling prior to recording. The velocity 
(mm/s) measurements of amphipods were recorded every 0.1 s during 3 cycles of 2 min 
dark and 2 min light, for a total period of 12 min. 
 
2.3. Statistical analyses 
Conditioning phase 
AFDM, fungal biomass and CN data were checked for normality and homoscedasticity, 
and subsequently log-transformed. One-way ANOVA followed by a Dunnett’s post hoc 
tests were performed to detect differences between leaves treatments and control. 
Statistical analyses were conducted using SPSS® Statistics v.20.0.0 software (IBM®). 
Feeding phase 
Two-way ANOVA followed by a Dunnett’s post hoc tests were performed using SPSS® 
Statistics v.20.0.0 software (IBM®) to detect differences in consumption rates between 
treatments and control. 
Linear mixed-effects models were conducted on the velocity of each amphipod during 
the 3 light periods (Time 1, time 2 and time 3) of the behavioural assays. The normality of 
the data was tested using the Kolmogorov–Smirnov test. Velocity was normalised with a 
cubic transformation, and ingestion was normalised with a third power transformation. A 
linear mixed-effects model was constructed using the lme function in the nlme package 
(Pinheiro et al., 2007) in R v. 3.1.1 to test for the effects of the different treatments (Leaves 
treatment, Water treatment) and ingestion, both considered fixed effects, in the 
locomotion velocity of G. pulex individuals under light conditions, after the 14 d feeding 
experiment. All models were fitted including Subject (n=86) as a random effect on the 
intercept. The significance of the fixed effect terms was assessed by starting with the most 
complex model and then simplifying by removing non-significant terms identified using 
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likelihood ratio tests. The likelihood ratio test was used to assess whether the 
implemented models significantly improved the fit to the data. Marginal R squared 
(variance explained by fixed effects), and conditional R squared (total variance explained, 
fixed effects plus random effects) values were calculated following (Nakagawa and 
Schielzeth, 2013), using the MuMIn package (Barton, 2013). 
 
3. Results 
 
The measured concentrations of pollutants in water were 6.38 ± 0.5 µg/L at the beginning 
and 8.92 ± 4.72 µg/L before water renewal, for the prochloraz treatment. For the fluoxetine 
treatment, initial concentrations were 100 ± 5 ng/L and, before water renewal, 19.5 ± 2.5 
ng/L. For the mixture treatment, concentrations before water renewal were 5.06 ± 2.2 µg/L 
for prochloraz and 29 ± 7 ng/L for fluoxetine. In addition, prochloraz was detected in the 
water of the river (C) at very low concentrations (0.02 µg/L). 
3.1. Conditioning experiment 
 
 
Figure 2. Leaf fungal biomass measured at the end of the conditioning experiment. 
Asterisks indicate significant differences among leaf treatments and control (p<0.05). 
 
The amount of leaf litter remaining after the 14 d of conditioning ranged from 62% for 
the prochloraz treatment to 82% for the fluoxetine treatment. Non-significant differences 
were detected among treatments. 
0
50
100
150
200
250
Fu
n
ga
l b
io
m
as
s 
(m
g·
g 
A
FD
M
 -1
)
Leaf treatment
*
Chapter 7 
 
211 
 
The final fungal biomass after the 14 d was 134 ± 59 mg/g AFDM for the control, 61± 11 
mg/g for the prochloraz treatment, 98 ± 22 mg/g AFDM for the fluoxetine treatment and 
104 ± 40 mg/g for the mixture treatment. Significant differences were found among 
control and the prochloraz treatment (Fig. 2) (ANOVA post-hoc, p<0.05) 
CN molar ratio at the end of the 14 d of colonization was 16.3 ± 2 for the control, 14.5 ± 
0.4 for the fluoxetine treatment, 15.7 ± 0.6 mg/g for the prochloraz treatment and 14.9 ± 
0.7 mg/g for the the mixture treatments. No significant differences between treatments 
were detected. 
 
3.2. Feeding experiment 
 
Table 1. Survival and molting rates for the different treatments after the 14 d (n=13). 
 
Leaf treatment Water treatment % survival % molting 
Control Control 100 62 
Control Fluoxetine 85 45 
Fluoxetine Control 92 67 
Fluoxetine Fluoxetine 92 58 
Prochloraz Control 77 40 
Prochloraz Fluoxetine 100 38 
Mixture Control 92 41 
Mixture Fluoxetine 77 10 
 
Survival rates were all above 70% (Table 1). The molting rates ranged between 10% and 
67%. The amphipods fed with leaves conditioned under the prochloraz treatment, 
including the Mixture treatment (PC, PF, MC, MF) presented a percentage of individuals 
that moulted below 42%. The MF treatment presented the lowest molting rates, of 10%. 
Leaf consumption rates ranged between 0 and 0.49 mg AFDM mg/ind/day. Significant 
differences were detected among those amphipods fed with Control leaves and those fed 
with treated leaves (P, F and M) (ANOVA post-hoc, p<0.001). No differences were 
detected among Water treatments (Fig. 3) (ANOVA, p=0.136). 
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Figure 3. G. pulex consumption of A. glutinosa leaves at the end of 14 d feeding experiment. Asterisks 
indicate significant differences among leaf treatments and control (p<0.001). 
 
The linear mixed-effects model explained 91% of the total variance. The variance 
explained by fixed factors was of a 22.4% (marginal R2). Under normal or control 
conditions, the swimming velocity of G. pulex under light conditions was influenced by 
the leaf consumption and time. Hence, those amphipods with higher consumption rates 
presented higher velocity rates. The response of the amphipods decreased with time. All 
the treatments (CF, FC, FF, PC, PF, MC, MF) showed an increase in the swimming velocity 
regarding CC. The direct exposure to fluoxetine was the factor that more enhanced the 
velocity. The amphipods fed with fluoxetine-treated leaves and prochloraz-treated leaves 
(FC and PC) reacted similarly to light exposure and also presented increased values of 
velocity respect to the control. Those amphipods fed with fluoxetine-treated leaves and 
prochloraz-treated leaves and under direct exposure of fluoxetine (FF and PF) were those 
that presented the highest values of velocity. On the other hand, the amphipods fed with 
leaves conditioned with the mixture of both compounds (MC) presented the lowest 
increases in velocity. However, those fed with the mixture-treated leaves and under direct 
exposure to fluoxetine (MF) did present increased velocities, although not as high as FF 
or PF treatments (Table 2).  
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Table 2. Selected linear mixed-effects model for the velocity of the amphipods after the 14d feeding 
experiment under light exposure fit by REML and estimated parameters for fixed effects. Subject was 
considered random effect. n.s = non significant (p-value >0.05). 
 
 
4. Discussion 
 
Toxicity tests with individual compounds have been largely performed to test the 
particular effects of a large diversity of compounds in different aquatic species since the 
mid-twentieth century. However, pollutants are present in the environment in complex 
mixtures. Despite the existing wide knowledge of the particular effects of pollutants in 
different species, little is known about the effects of mixtures of compounds at 
environmentally relevant concentrations. Antidepressants and fungicides are some of the 
compounds widely detected in aquatic systems of developed countries. On one hand, 
antidepressants are “steadily” present in rivers due to the constant input from urban 
WWTPs. On the other hand, the input of pesticides is mainly related with diffuse sources 
(drainage, run-off, spray drift) and, thus, it depends on seasonal variability and timing of 
pesticide application (Bundschuh et al., 2014; Masiá et al., 2013). Different studies provide 
evidence of the low dose effects of chronic direct exposure to fluoxetine in the behavior 
of several species (vertebrates and invertebrates) (Bossus et al., 2014; Fong and Ford, 2014; 
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Rivetti et al., 2015), however, the effects of prochloraz in animals are still not very well 
known. Both compounds have been detected at ng/l and even µg/l levels in surface waters 
(Kolpin et al., 2002; Kuzmanović et al., 2015; Metcalfe et al., 2003). In this study, we have 
detected behavioral effects (feeding and swimming velocity end-points) of the indirect 
exposure to the fungicide prochloraz (through leaf litter conditioning) and the indirect 
and direct exposure to the antidepressant fluoxetine (through leaf litter conditioning and 
water exposure) on G. pulex after 14 days of exposition.  
Indirect effects through leaf conditioning 
Although the exposure of the two compounds did not affect the breakdown rates of leaf 
litter, ergosterol concentration was lower in the prochloraz treatment respect to control. 
Ergosterol is an essential membrane sterol for fungi, and it is used as an indicator of fungal 
growth. Prochloraz affects the fungal community by inhibiting the enzyme of cytochrome 
P450 C14α-demethylase, which is involved in the synthesis of ergosterol (Lupetti, 2002). 
The low solubility and high hydrophobicity of prochloraz (Rütters et al., 1999) facilitates 
its adsorption to leaf surface and the interaction with the enzyme and the consequent 
inhibition of fungal growth. However, these effects were not detected in the mixture 
treatment. The simultaneous exposure of fluoxetine and prochloraz may have led to the 
interaction of both compounds, decreasing the antifungal action of prochloraz. 
A part from C14α-demethylase, prochloraz can also inhibit activities of other Cytochromes 
P450 (CYP) enzymes. Recent studies have demonstrate that crustaceans do have CYP 
enzymes, and that these CYPs are involved in different functions, including detoxification 
of organic compounds, such as pesticides or pharmaceuticals (Chang and Thiel, 2015; Han 
et al., 2015; Trapp et al., 2014). For example, Dam et al. (2008) found that CYPs expression 
in crabs fluctuated over the molt cycle, with low expression during premolt and maximum 
during late postmolt, suggesting that premolt crabs would be more susceptible to organic 
pollution than postmolt crabs. Prochloraz indirect exposure could have affected CYPs 
expression and, thus, could have impaired the detoxification mechanisms and made the 
amphipods more sensitive to the chemicals. Furthermore, we detected variability in the 
molting rates among treatments, with prochloraz-treatments (PC, PF, MC and MF) 
presenting low molting rates, especially the mixture treatment (MF). However, since we 
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only have one molting value per treatment, these results do not provide significant 
evidence. 
Very few studies report the effects of fluoxetine or other SSRIs in natural microbial 
communities. Fluoxetine is known to have antibacterial activity against some groups of 
bacteria but at high concentrations (mg/L) (Munoz-Bellido et al., 2000) and toxicological 
tests on green algae report NOEC of <0.6 µg/L, EC50 values (48 h) of 24 μg/L and LC50 of 
2 mg/L (Fent et al., 2006; Oakes et al., 2010), which are values higher than the 
concentration used in our study (100 ng/L). In fact, we did not detect effects of fluoxetine 
neither in leaf litter decomposition nor in fungal colonization.  
Direct effects on G. pulex 
Significant differences were detected among those amphipods fed with Control leaves 
and those fed with treated leaves (P, F and M). G. pulex individuals fed with treated leaves 
presented lower consumption rates respect to control. Selective feeding and avoidance 
behavior in G. pulex has been described in some studies (Blockwell, 1998; Forrow et al., 
2009; Buncschuch et al 2011; Agatz et al., 2014). For example, Forrow et al (2009), detected 
avoidance of contaminated sediment in laboratory tests. Feeding preference has been 
related with changes in the fungal community and thus in leaf quality (Forrow and Maltby, 
2000), but it also can be related with the presence of chemicals and/or toxicity (Bundschuh 
et al., 2011; Hahn and Schulz, 2007). Notwithstanding, its specific mechanisms are 
unknown. Low consumption rates of the treated-leaves due to the detection of the 
compounds adsorbed in the leaves cannot be discarded. Further research is needed in 
this direction.  
All the treatments increased the swimming velocity of G. pulex, with fluoxetine direct 
exposure being the most outstanding contributor to this increase. The simultaneous direct 
and indirect exposures caused additive effects. Previous studies have detected altered 
swimming behaviour in amphipods at very low concentrations (1 to 100 ng/L) (Bossus et 
al., 2014; Guler and Ford, 2010) and in cladocerans (Campos et al., 2012; Rivetti et al., 
2015). Human targets for antidepressants are also presented across vertebrates and 50-
75% of them are found in crustaceans (Gunnarsson et al., 2008; Rivetti et al., 2015). 
Particularly, in this group serotonin regulates neurosecretory organs that release 
neurohormones that control several functions: reproduction, growth, maturation, immune 
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function, metabolism, behaviour and colour physiology (Fong and Ford, 2014). As the 
concentration tested in our study was very low, the effects are likely to be related with a 
specific neurological response. However, this is not so obvious for the response due to 
prochloraz indirect exposure. The concentration tested was not very low (6 µg/L) and it is 
expected to adsorb onto leaves tissues. Hence, prochloraz behavioural effects on 
amphipods through leaves feeding could be related with general toxic effects (general 
response to stress).  
In summary, indirect effects- through leaves conditioning- and direct effects of prochloraz 
and fluoxetine in G. pulex feeding and locomotive behaviour were detected. The results 
of the current study reinforce three main ideas: (i) environmental risk assessment toxicity 
should not neglect low dose toxicity testing, especially for those substances with potential 
specific toxicity (e.g. PhACs), (ii) indirect exposure to contaminants may led to unexpected 
toxic effects and thus should be further considered in toxicity assessment and, finally, (iii) 
that behavioural responses (feeding and locomotion) seem to be reliable and appropriate 
tools to detect sub-lethal impacts on individual organisms with relevance at higher 
organizational levels (i.e. community and ecosystem). 
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General discussion 
 
There is an increasingly urgent need to understand the impact of multiple stressors on 
aquatic systems in order to be able to identify, predict, and try to prevent the deterioration 
of these ecosystems (Sundermann et al., 2013). Chemical pollution is not only one of the 
most important threats to aquatic systems, it is also a complex threat due to the diversity 
of compounds present in these systems and the dynamics and interaction of these 
compounds with physical (water, sediment) and biological (amphibian, fish, invertebrate, 
algae) compartments. In developed countries, the pollution of aquatic systems has a long 
history that started more than a century ago, and it is of special concern in Mediterranean 
basins, which suffer high flow variability and receive significant contaminant inputs from 
diffuse and point sources (Navarro-Ortega et al., 2012; Petrovic et al., 2011). Despite 
efforts in recent decades to improve WWTP systems and control and treat gross pollution, 
high population numbers together with the increasing production and use of chemicals 
threaten most of the Mediterranean basins, especially those located close to big cities and 
agricultural and industrial areas. 
This thesis provides evidence of the effects of chemical stressors (emerging and priority 
pollutants) on invertebrate communities in four threatened Mediterranean rivers of the 
Iberian Peninsula: the Ebro, the Llobregat, the Júcar and the Guadalquivir. 
Over the course of the chapters, we describe the changes in invertebrate communities 
along pollution gradients and identify potential contributors to these changes (Chapters 
4 and 5). We detected effects not only at community but also at population and individual 
levels (Chapters 5, 6 and 7). We also found that benthic invertebrates are affected by the 
chemical quality of both the water and sediment compartments of the river. These 
compartments present substantial differences in pollutant composition, which depends 
on the physicochemical characteristics of the pollutants and the specific environmental 
conditions (e.g., organic matter content, pH, discharge). Since benthic communities live, 
feed, and interact in and with the water-sediment interface, they are affected by pollutants 
present in water (dissolved substances) and those accumulated in surficial sediments 
(particulate-bound substances) (Chapters 4 and 5). 
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With these results in mind, in this section we summarize the chemical pressures and 
impacts identified in the four rivers, following the recommendations of the WFD. As 
explained in the introduction section, European directives propose the use of different 
quality indicators to evaluate the environmental status of aquatic ecosystems and 
recommend combining chemical and biological analyses to determine the final quality 
status and facilitate interpretation of the results (European Commission, 2003). Therefore, 
in order to provide a broader and more integrated interpretation of the entire thesis 
project, we adopted a “Weight of Evidence” approach (WoE), taking the different 
ecotoxicological approaches and the chemical information as lines of evidence (LoEs). 
 
1. The Weight of Evidence approach 
The Weight of Evidence (WoE) approach is an integrative tool that can help to detect the 
effects of pollution in benthic habitats (Chapman and Tolhurst, 2007; Chapman, 1990). 
This method is a key component of ecological risk assessment (ERA) and is recommended 
within the context of the European Water Framework Directive (2000/60/CE) (European 
Commission, 2003), which requires member states to evaluate and classify the ecological 
status of water bodies incorporating different quality elements (Benedetti et al., 2012). A 
WoE assessment can be performed by quantitatively combining various lines of evidence 
(LoE), making it possible to establish clearer links between chemical contamination and 
its ecological impacts. Quantitative WoE methods mathematically derive risk probabilities 
from several LoEs and use formal decision-analytic tools. By scoring each LoE and then 
combining the results to obtain a single value, a final index value can be calculated (Linkov 
et al., 2009). These LoEs include chemical analysis, toxicity testing, and in situ community 
analysis (Muñoz and Sabater, 2013; Wolfram et al., 2012). 
We grouped the data collected for this thesis into three main LoEs: “Chemistry”, 
“Toxicology” and “Ecology”. The weight of each group was calculated by averaging their 
associated LoEs: 
▪ Chemistry: calculated from the average for the water pollution index and the sediment 
pollution index, this value was modulated by nutrient concentration (trophic status) only 
Chapter 8 
227 
 
when this was worse than the pollution indexes. The values, ranging from 0 to 100, were 
divided into 5 classes, from very good (1 - blue) to very bad (5 - red) (Fig. 1). 
- Water pollution index: this included the detected percentage of PHSs (50% of 
the weight), non-hazardous PSs (40% of the weight), and emerging pollutants 
(10% of weight). In addition, if any PSs exceeded the AA-EQS stipulated by the 
WFD (European Comission, 2012), the chemical status was directly classified as 
bad, and if any PSs exceeded the Max-EQS, the water chemical status was 
classified as very bad. 
- Sediment pollution index: the same as above. 
- Nutrients: the trophic status was classified following European Comission (1991) 
and ACA (2000), taking into account nitrate, ammonia, and phosphate 
concentrations in water. 
▪ Toxicology: average of weights for the different toxicity tests conducted with 
invertebrates throughout the thesis research and D. magna sediment TUs. For P. acuta 
and C. riparius tests, a weight of 5 was given to those sites where effects were detected 
and a weight of 2 when no effects were detected. For the D. magna feeding test, the 
percentage of inhibition was divided into 5 classes. TU values were also divided into 5 
classes, from very good to very bad, following Kuzmanovic et al. (2015). The toxicity tests 
included were: 
- D. magna in situ feeding test (Chapter 4) 
- P. acuta in situ reproduction and development test (Chapter 6) 
- C. riparius growth and development test in sediment exposure experiments 
(Chapter 5) 
▪ Ecology: the average for community richness and the percentage of Tr. Chironomini and 
Oligochaeta. 
- Community richness: the range of taxonomic richness was divided into two 
classes; sites with values below the mean value (S=9) were given a weight of 2, 
and sites with richness above the mean were given a 5. 
- Percentage of Tr. Chironomini and Oligochaeta: the proportion of species 
belonging to these two groups, considered tolerant species, with respect to the 
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total number of taxa. The values were divided into 5 classes, from very good (0-
20%) to very bad (80-100%). 
 
1.1. Results and discussion of the WoE approach 
 
 CHEMISTRY 
WEIGHT 
TOXICOLOGY 
WEIGHT 
ECOLOGY 
WEIGHT 
FINAL 
WEIGHT sites 
EBR1 4 5 2 4 
EBR2 4 3 5 4 
EBR3 4 4 5 4 
EBR4 4 4 4 4 
EBR5 3 3 5 3 
LLO3 4 3 3 3 
LLO4 4 3 4 4 
LLO5 4 4 5 4 
LLO6 4  5 4 
LLO7 4 4 5 4 
JUC1 4  2 3 
JUC2 3 3 4 3 
JUC4 3 3 2 2 
JUC5 4 4 2 3 
JUC6 4 4 4 4 
JUC7 4 4 5 4 
GUA1 3 4 3 3 
GUA2 3 5 5 4 
GUA3 3 4 2 3 
GUA4 4 3 4 4 
 
Figure 1. Final weights of the three main LoEs of the WoE approach. 
 
Using the WoE approach, we were able to identify sites EBR1, EBR2, EBR3, EBR4, LLO4, 
LLO5, LLO6, LLO7, JUC6, JUC7, GUA2 and GUA4 as presenting a high ecotoxicity risk (Fig. 
1). In general, the three LoEs gave consistent results for the same site. Surprisingly, EBR1 
presented a rich invertebrate community, but due to high sediment toxicity (metals, 
chlorpyrifos, and PAHs), its toxicological status was very bad. 
Among the priority substances (PS), we identified PFOS (PHS), organophosphorus 
pesticides (mainly chlorpyrifos), alkylphenols (mainly the PHS nonylphenol) and different 
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metals (Ni, Pb) as the contaminants responsible for the bad chemical quality of most of 
the sites. Fortunately, none of the PSs detected exceeded the Max-EQS at any of the sites 
(Table S1). 
LLO7 was the most polluted site of all. Both water and sediment presented a high diversity 
of emerging and priority pollutants, and a total of 16 different PS compounds were 
detected, 11 of which were PHSs. Furthermore, we found high levels of PS metals (Ni and 
Pb above the AA-EQS), pesticides, and alkylphenols. Meanwhile, the invertebrate 
community presented a very low richness, consisting solely of Oligochaeta and 
Chironomidae, thus indicating a good agreement between sediment pollution and the 
inhabiting biota. 
LLO6 also presented a very low richness of invertebrates, and although the sediment 
presented better quality than the other sites along the river, the levels of chlorpyrifos, 
nonylphenol, and PFOS in water were relatively high. PFOS especially was a ubiquitous 
compound in the Llobregat River, and was found at high levels —sometimes above the 
AA-EQS— at most of the sites (Table S1). In fact, the PFC group was a significant 
contributor to changes in the invertebrate communities in the rivers (Chapter 5). Despite 
wastewater treatment processes (Campo et al., 2015), these pollutants enter the rivers 
from industrial point sources (Flores et al., 2014) and once there, can remain in the water 
body or be adsorbed onto particulate matter and settle in the sediment for several years 
(Fujii et al., 2007). 
Among the pesticides, chlorpyrifos presented a very high risk in the Llobregat, with very 
high sediment TUs for Daphnia magna that were also correlated with lethal effects in 
Chironomus riparius (Chapter 5). Chlorfenvinphos, which was banned in Europe in 2007, 
was detected in water and sediment. In LLO7, several herbicides from the PS list were 
detected in water (diuron, terbutryn, isoproturon, and simazine). Pesticide levels in water 
correlated with results for the Daphnia magna in situ feeding-inhibition test, which was 
seriously impaired in mid-stream sites of the Llobregat River (Chapter 4). 
The Llobregat has previously been described as a highly polluted river compared with 
other European rivers (Damásio et al., 2011; Muñoz et al., 2009; Prat et al., 2013a; Ricart et 
al., 2010a; Wolfram et al., 2012). It runs through extensive agricultural and industrial areas 
and densely populated urban zones (Brix et al., 2012a; Wolfram et al., 2012), and the lower 
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section of the river flows through one of the most heavily industrialized areas in Spain 
(Prat et al., 2013b). Consequently, the river has become heavily polluted in recent decades 
due to diffuse (agricultural runoff) and point source (industrial and urban WWTPs) inputs 
and mining wastewaters (Köck-Schulmeyer et al., 2012).  
Besides PSs, a high diversity of emerging compounds can be found in the Llobregat River. 
As explained in Chapter 4, PhACs are an important group present in this river, especially 
in downstream sites; more than 60 different PhACs were detected at the various sampling 
sites. The highest levels were detected at LLO7, including high levels of the anti-
inflammatory diclofenac, which has recently been added to the PS watchlist (European 
Comission, 2013). Another study of the SCARCE project has demonstrated that this PhAC 
bioaccumulates in the tissues of several fish species (Huerta Buitrago et al., 2013). In the 
present study, we found a significant correlation between anti-inflammatory compounds 
and analgesics, and structural changes in the river communities (Chapter 4), and sediment 
TUs of PhACs and changes in development and growth of C. riparius. In addition, 
gemfibrozil and bezafibrate (lipid regulators) and furosemide (diuretic) were correlated 
with changes in Physella acuta reproductive variables (Chapter 6). Nowadays, these PhACs 
are considered EDCs. Other EDCs present at high levels in the lower reaches of the 
Llobregat and Ebro rivers were the already mentioned alkylphenols (PSs), together with 
azoles, flame retardants (all of industrial origin), and hormones. Of these, estrone and 
alkylphenols presented the highest potential estrogenic activity. As xenoestrogens, these 
compounds can interact with endogenous estrogens and thus modify the reproduction 
and development of organisms such as freshwater snails (Chapter 6). 
In the Ebro River, the worst affected sites were EBR2 and EBR3. Both of these sites but 
especially EBR3 presented high levels of emerging pollutants, mainly EDCs (alkylphenols, 
triazoles, and flame retardants). Invertebrate richness was low, decreasing toward the 
lower section of the river, and the feeding activity of Daphnia magna was highly inhibited 
from EBR2 to EBR4. At this latter site, we detected AA-EQS levels of nonylphenol, a 
compound that has been demonstrated to be a reproductive toxicant in different 
invertebrates (Hahn et al., 2002). Sediments at EBR1 presented high toxicity, mainly due 
to metals (Ni), OPs, and different PAHs, most of them considered PHSs (e.g., 
benzo[b]fluoranthene, benzo[a]pyrene, anthracene). EBR2 and EBR3 also presented 
relatively high levels of these PAHs (Chapter 5). 
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As no EQSs have been established for PSs in sediment (the WFD proposes estabilishing 
sediment EQS at national level), the weight of the chemical LoE was more conservative for 
sediment than for water. Our data showed that sediment TUs represented a very high 
potential risk for organisms at 50% of the sites, and a high risk at the other 50% (Table 
S1). In the case of the Ebro, all the sampling sites exceeded the value of expected acute 
toxicity (TUs>0.01) (Liess and Von Der Ohe, 2005) for metals, and also for pesticides at 
EBR1. 
In the Guadalquivir River, high levels of alkylphenols were found at GUA2, together with 
chlorpyrifos, metals (mainly Ni), and PAHs, all considered PSs. Invertebrate richness was 
low at this site and we observed sublethal effects for C. riparius. Meanwhile, GUA3 and 
GUA4 presented levels of Ni above the AA-EQS; exposure to relatively low concentrations 
of Ni (<2 µg/L) has been reported to induce chronic effects in invertebrates (Niyogi et al., 
2014). TU values for sediments in the Guadalquivir River were high due to the presence of 
organic compounds and high levels of Ni and Hg (Chapter 5). As regards emerging 
compounds, around 70 different PhACs were detected in total. 
In general, the Júcar River was the least polluted river compared to the others, but 
downstream sites did present a bad chemical and ecotoxicological status. The 
composition of chemicals in water and sediment reflected the predominance of 
agricultural land uses in this basin (Belenguer et al., 2014), and an increasing gradient of 
different pesticides, mainly insecticides and fungicides, was detected toward downstream 
sites. Pollution due to OP insecticides (chlorfenvinphos and chlorpyrifos) was severe in 
sediment and to a lesser extent in water. These insecticides represent a very high risk for 
invertebrates because of their demonstrated chronic and acute toxicity at environmentally 
relevant concentrations (Chapter 5). Besides OP compounds, other insecticides detected 
at JUC7 were atrazine and diuron (PSs), the fungicides imazalil and thiabendazole, and 
various triazines (non-PSs). Fungicide levels correlated with changes in the invertebrate 
communities (Chapter 4), and Daphnia magna feeding activity was inhibited by 50% at 
JUC4, JUC5, and JUC6. At JUC6 and JUC7, the invertebrate communities presented a very 
low richness and the development of Physella acuta embryos was impaired (Chapter 6). 
Studies from several European countries have demonstrated the widespread presence of 
pesticides in freshwater bodies (Barbieri et al., 2015; Bereswill et al., 2013; Jebali et al., 
2007; Masiá et al., 2013; Papadakis et al., 2015) and their associated high toxicological risk 
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(Carafa et al., 2011; Faggiano et al., 2010; Malaj et al., 2014; Ricart et al., 2010b; Schäfer et 
al., 2011, 2007; Silva et al., 2015). Furthermore, the intermittent release of these 
compounds entails the risk of overlooking short-term peaks (von der Ohe et al., 2011), 
and thus underestimating the real ecotoxicological risk (Chapter 7). 
In addition to pesticides, high nonylphenol levels were detected at JUC5 in water and most 
especially in sediments, together with priority PAHs. Sediment toxicity caused lethal 
effects in the C. riparius sediment test (Chapter 5). Water also presented a high 
concentration of PFOS at this site, well above the AA-EQS. Sediment TUs were high for 
metals at some sites (e.g., JUC6) and for organic pollutants at other sites along the river 
(e.g., JUC5) (Chapter 5). JUC2 presented a good chemical quality but invertebrate richness 
was low and sublethal effects on C. riparius were detected. Differences between LoE for 
chemistry, toxicity and field data can also interpreted as indicative of additional factors 
that may control or mask effects of pollutants on the biota (Wolfram et al., 2012). The only 
site that presented a good ecotoxicological status was JUC1, although some PSs (PFOS, 
nonylphenol, PAHs, OPs, and metals) were detected in water and sediment. 
These results are in accordance with other risk assessment studies performed with the 
water chemical data in the same basins (Kuzmanović et al., 2015a, 2015b). These studies 
identified pesticides (mainly chlorpyrifos and chlorfenvinphos) and alkylphenols as the 
most important pollutants according to a ranking index based on ecotoxicological data. 
They also found that the risk of acute effects was posed not only by organic chemicals 
(42% of sampling sites) but also by metals, at 44% of the sites (Kuzmanović et al., 2015b). 
In relation to the chemical LoE, it is important to highlight that in general, high 
percentages of emerging compounds were detected at all the sites (Table S1), revealing 
the ubiquity of these compounds. In addition, our results underline the importance of 
ecotoxicity testing to detect both acute and chronic toxicity data for these pollutants. For 
example, chronic toxicity data for compounds such as PhACs or EDCs are especially 
necessary because these are continuously released into rivers and might be causing long-
term effects (e.g., fluoxetine, Chapter 7). This long-term exposure to emerging 
compounds may cause effects at the ecosystem level even at low concentrations 
(Gavrilescu et al., 2014; Schwarzenbach et al., 2006). 
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The present thesis evaluates the risk associated with the macroinvertebrate community, 
but the potential risk of these chemicals for other groups of organisms, such as algae or 
fish (Brix et al., 2012b; Corcoll et al., 2014; Merciai et al., 2014; Proia et al., 2013; Roig et 
al., 2015), and on key ecosystem processes, such as organic matter breakdown or river 
metabolism (Aristi et al., 2015, 2012), is expected to be different and also requires an 
appropriate and integrated risk assessment. 
In conclusion, the general picture obtained from this risk assessment shows that the 
invertebrate communities of the four studied rivers are seriously affected by chemical 
pollution. Of the 20 sites studied, 17 presented a bad ecotoxicological status (Ecology and 
Toxicology LoEs) and only 2 sites on the Júcar presented a good ecotoxicological status. 
Priority pollutants represent a serious toxicity risk at all the sampling sites, and the main 
specific drivers of this risk are pesticides, alkylphenols, and metals. The chemical and 
ecotoxicological LoEs gave complementary results, providing evidence on the need to 
include a set of different criteria to assess causality for a correct ecotoxicological risk 
assessment. 
 
2. Final remarks: present weaknesses, implications for the 
future 
The objectives proposed by the WFD have not been achieved in Spain. Of the 25 basin 
plans envisaged for Spain, only one (Plan de gestión del Distrito de Cuenca Fluvial de 
Catalunya) had been adopted and published by 2011. This delay in submitting river basin 
plans has hindered the attainment of good chemical and ecological status. At the end of 
2014, the European Comission opened proceedings against Spain for discharging urban 
waste water into environmentally sensitive or potentially sensitive areas without 
appropriate treatment. One of these areas was the Llobregat basin (IP/11/729) (European 
Comission Press release, 2012). In addition, the recently published report on progress in 
implementation of the Water Framework Directive in Spain has highlighted various 
weaknesses in basin management, including inadequate characterization, deficiencies in 
monitoring programs and status assessment methods, and a lack of environmental 
objectives for a high number of water bodies (European Comission, 2015). This thesis 
provides evidence that pollutants in water and sediment pose a severe risk for aquatic 
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organisms in the watersheds studied. Water monitoring should be complemented with 
sediment monitoring, and EQSs should be calculated and applied. 
A growing concern about the lack of fast, sensitive and informative monitoring tools has 
recently emerged in response to the urgent need to determine the wide range of effects 
exerted by the different compounds present in the environment. As our knowledge of the 
importance of changes in animal behavior has increased, behavioral analyses have been 
suggested as suitable tools to test chemical effects on organisms. Effects on different 
behavioral endpoints (e.g., feeding, locomotion, Chapter 7) could potentially serve as 
indicators of ecologically relevant effects at population or community level (e.g., individual 
fitness, population persistence, community resilience). Although further work is required 
in order to determine the sensitivity of different species to different contaminants, 
behavioral tests show promise as fast and sensitive methods (Brandão et al., 2013; 
Coulaud et al., 2015; Ford and Fong, 2015; Martinović et al., 2007; Melvin and Wilson, 
2013; Michalec et al., 2013). 
Besides the chemical toxicity risk, throughout this thesis we have indicated the influence 
of other disturbances acting together on the rivers, such as hydrological alterations or 
salinization. Interactions between these multiple stressors may result in complex effects 
on organisms and ultimately, on ecosystems (Navarro-Ortega et al., 2015; Ormerod et al., 
2010). Efforts should be made to integrate observational and experimental approaches 
from multiple environmental disciplines (i.e., environmental chemistry, ecotoxicology, and 
ecology) in order to elucidate the effects of multiple contaminants and other stressors 
(Beketov and Liess, 2012). Further research based on field studies and laboratory toxicity 
tests, combining experimental assays with natural community studies, is essential to 
understand the effects of stressors at different scales and to prevent future degradation 
of aquatic ecosystems. 
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Conclusions 
 
Chapter 3: Analysis of monitoring programmes and their suitability for 
ecotoxicological risk assessment in four Spanish basins 
1. Although the sampling routines of the Spanish water authorities are sufficient to 
monitor water quality in accordance with the specifications of the WFD, improvements 
must be made in order to increase information efficiency and quality: 
- The analytical approaches used in the monitoring programs should be 
continuously revised and updated to include new emerging pollutants. 
- Intercalibration exercises should be carried out between basins. 
- Hydromorphological, chemical, and biological data should be collected at the same 
sites and times in order to perform proper risk assessment. 
- Long-term data are necessary to evaluate ecosystem changes in response to 
multiple stressors, at least for some selected sites representative of the basin. 
- Monitoring programs should include analyses of the sediment matrix. 
 
Chapter 4: Invertebrate community responses to emerging water 
pollutants in Iberian river basins 
2. A general pattern of impoverishment of species richness and abundance associated 
with water pollution was observed in the four rivers studied. The variables linked to 
changes in the invertebrate communities were EDCs (mainly alkylphenols and azoles), 
conductivity, and PhACs. 
3. Specific contributors explaining part of the variance in invertebrate communities were 
identified in some basins: analgesics and anti-inflammatory drugs in the Llobregat 
River, and fungicides in the Júcar River. 
4. In addition, EDC and PhAC levels in water were significantly correlated with the 
antioxidant enzymatic activity response of H. exocellata, despite its natural variability, 
and pesticide levels were significantly correlated with the inhibition of D. magna 
feeding rates. 
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Chapter 5: Ecotoxicity of sediments in rivers: invertebrate community, 
toxicity bioassays and the Toxic Unit approach as complementary 
assessment tools 
5. Combining the TU approach, a battery of ecotoxicity bioassays, and a descriptive study 
of the local invertebrate community, we successfully identified sediments presenting 
toxicological risk in the rivers studied. Short-term effects (V. fischeri and P. subcapitata 
tests) and long-term sublethal and even lethal effects (C. riparius test) indicated that 
sediment toxicological risk was extremely severe at sites L5, E1 and J5. 
6. Organophosphorus insecticides (chlorpyrifos) were the main contributors to this high 
ecotoxicity and were correlated with long-term lethal effects in C. riparius. Metals (Cu, 
Hg and Ni) were other important contributors to the toxicity, especially for unicellular 
species (algae and bacteria). 
7. At the invertebrate community level, PAHs and sediment grain size were identified as 
being potentially responsible for the observed changes. 
 
Chapter 6: Is reproduction of the snail Physella acuta affected by 
endocrine disrupting compounds? An in situ bioassay in three Iberian 
basins 
8. EDCs were detected in the studied rivers and presented an increasing gradient 
downstream. The Llobregat and Ebro Rivers presented the highest concentrations 
(azoles, alkylphenols, flame retardants). Estrone and alkylphenols showed the highest 
potential estrogenic activity. 
9. Physella acuta presented high resistance and adaptability to various environmental 
conditions, making it a good candidate for studying sublethal responses in in situ 
toxicity tests. 
10. The number of eggs per clutch was positively correlated with EDC, but snail fertility 
was lower at the most polluted sites. Physella acuta did not compensate the low 
number of oviposition events with a higher number of eggs per clutch at these sites. 
11. The EDC detected in the rivers could potentially cause endocrine disruption effects in 
snails, as evidenced by changes in the reproductive endpoints. 
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Chapter 7: Direct and indirect effects of the antidepressnt fluoxetine and 
the fungicide prochloraz in a leaf litter feeding experiment with 
Gammarus pulex 
12. Prochloraz inhibited fungal growth on A. glutinosa leaves. Leaf ingestion differed 
among control and treatments. Individuals fed on control leaves, which were richer in 
ergosterol (fungal biomass), ate more than the others. Thus, the fungicide may cause 
indirect effects on detritivores, through changes in leaf litter quality. 
13. Amphipod behavior was modulated by direct exposure to fluoxetine, leaf treatment 
and consumption. Low concentrations of fluoxetine accelerated swimming velocity. 
14. Behavioral responses (feeding and locomotion) seem to be appropriate tools to detect 
sub-lethal impacts on individual organisms with relevance at higher organizational 
levels. 
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Table S1. Detail of the LoEs included in the WoE approach. A) Chemistry LoEs, B) Toxicology LoEs, and 
C) Ecology LoEs. ECs: emerging contaminants; PSs: priority substances; PHSs: priority hazardous 
substances; AA-EQS: average annual Environmental Quality Standard. 
 
A) CHEMISTRY 
sites 
nutrients 
% 
ECs 
% 
PSs 
% 
PHSs 
PSs 
above 
AA-EQS 
water 
pollution 
% 
ECs 
% 
PSs 
% 
PHSs 
sediment 
pollution 
CHEMISTRY 
WEIGHT 
EBR1 1 69 29 50  3 72 67 83 4 4 
EBR2 1 73 39 50 PFOS 4 68 57 90 4 4 
EBR3 2 67 39 75  4 72 69 79 4 4 
EBR4 1 68 36 75 
NP, 
PFOS 4 66 36 73 3 4 
EBR5 2 69 43 25  3 39 29 38 2 3 
LLO3 1 70 39 75 PFOS 4 74 53 69 4 4 
LLO4 1 68 46 75 PFOS 4 73 67 81 4 4 
LLO5 2 72 43 75 PFOS 4 75 56 79 4 4 
LLO6 2 71 43 75  4 68 50 52 3 4 
LLO7 4 72 54 25 Ni, Pb 4 75 65 79 4 4 
JUC1 1 66 32 75 PFOS 4 65 42 56 3 4 
JUC2 1 65 32 25  2 74 44 42 3 3 
JUC4 1 68 32 25 PFOS 2 71 57 46 3 4 
JUC5   57 29 75 PFOS 4 68 44 40 3 4 
JUC6 1 67 32 50  3 72 51 69 4 4 
JUC7 2 71 46 25  3 72 50 73 4 4 
GUA1 1 66 32 50  3 71 33 46 3 3 
GUA2 2 72 39 50  3 73 42 46 3 3 
GUA3 2 69 36 75 Ni 4 75 51 52 3 4 
GUA4 3 70 39 50 Ni 4 67 58 52 3 4 
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B)  TOXICOLOGY 
sites 
sediment 
TU s 
Daphnia 
magna 
feeding 
test 
Physella 
acuta  in 
situ test 
Chironomus 
riparius 
sediment    
test 
TOXICOLOGY 
WEIGHT 
EBR1 5  5 5 5 
EBR2 4 5 2 2 3 
EBR3 4 5 5 2 4 
EBR4  4   4 
EBR5 5 3  2 3 
LLO3 5 4 2 2 3 
LLO4 5 4 2 2 3 
LLO5 5 3 2 5 4 
LLO6      
LLO7 4 3 5 2 4 
JUC1      
JUC2 4 2 2 5 3 
JUC4 4 3 2 2 3 
JUC5 5 3 2 5 4 
JUC6 5 3 5 2 4 
JUC7 4  5 2 4 
GUA1 5   2 4 
GUA2 4   5 5 
GUA3 5   2 4 
GUA4 4   2 3 
 
C) ECOLOGY 
sites 
richness 
S 
Tr. Chironomini 
and Cl. 
Oligochaeta 
ECOLOGY 
WEIGHT 
EBR1 2 2 2 
EBR2 5 5 5 
EBR3 5 4 5 
EBR4 5 2 4 
EBR5 5 4 5 
LLO3 2 3 3 
LLO4 5 3 4 
LLO5 5 4 5 
LLO6 5 5 5 
LLO7 5 5 5 
JUC1 2 2 2 
JUC2 5 3 4 
JUC4 2 2 2 
JUC5 2 2 2 
JUC6 5 2 4 
JUC7 5 5 5 
GUA1 2 3 3 
GUA2 5 5 5 
GUA3 2 2 2 
GUA4 5 3 4 
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► Chemical and biological data compiled over 3 years in 4 Spanish basins were analyzed.
► Monitoring and data processing could be improved.
► Toxicological risk of the chemical substances was evaluated using the Toxic Units (TU) concept.
► High toxicological potential risk in the great majority of sampling points was found.
► On the contrary, clear relationships between biological quality and chemical risk were found only in 1 river.
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Data from four Spanish basin management authorities were analysed. Chemical and biological data from four
Spanish basin management authorities were analysed, focusing on three consecutive years. Aims were to i)
determine the chemicals most likely responsible for the environmental toxicological risk in the four Spanish
basins and ii) investigate the relationships between toxicological risk and biological status in these catch-
ments. The toxicological risk of chemicals was evaluated using the toxic unit (TU) concept. With these data
we considered if the potential risk properly reﬂects the risk to the community or, alternatively, if new criteria
should be developed to improve risk assessment. Data study revealed inadequacies in processing and moni-
toring that should be improved (e.g., site coincidence for chemical and biological sampling). Analysis of the
chemical data revealed high potential toxicological risk in the majority of sampling points, to which metals
were the main contributors to this risk. However, clear relationships between biological quality and chemical
risk were found only in one river. Further investigation of metal toxicity may be necessary, and future anal-
yses are necessary to accurately estimate the risk to the environment.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
The European Water Framework Directive (WFD) aims to protect
the aquatic ecosystems of the member states through the achievement
of ‘good status’ for surfacewater bodies by the year 2015. Assessment of
ecological status is based on three quality elements: biological, physico-
chemical and hydromorphological. Biological quality elements in-
clude phytoplankton, macrophytes and phytobenthos, benthic in-
vertebrates, and ﬁsh. These elements are evaluated in combination
with hydromorphological quality (hydrological, regime, river conti-
nuity and morphological conditions) and physico-chemical ele-
ments (temperature, oxygenation, salinity, acidity and nutrients).
The chemical status is assessed on the basis of the Environmental
Quality Standards (EQS) for 33 regulated compounds (priority sub-
stances) and eight priority hazardous substances identiﬁed fromprevious
legislation and EQS for basin-speciﬁc pollutants (European Commission,
2008). Each member state is responsible for developing appropriate
monitoring and assessment methodologies to determine the status of
each water body and the amount of those speciﬁc compounds that
could endanger natural communities. Speciﬁc pollutants are considered
among other parameters in designating the ecological status classiﬁca-
tion. Compliance with EQSs for speciﬁc pollutants is evaluated in the
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assessment of ecological status. If the EQSs for these substances are not
met, the status of the water body cannot be classiﬁed as ‘good’, even if
the biological quality is high.
In assessing chemical stress, water agencies develop different
programmes (survey, operational and investigative) to monitor water
quality. These data are not used directly for EQS derivation but can
help identify critical data, critical sites or sensitive taxa to the implemen-
tation of effective control measures. For example, Crane et al. (2007)
describe techniques for estimating a threshold for metal toxicity in the
ﬁeld based on chemical exposure and biological data frommatched loca-
tions and sampling efforts. These programmes provide large chemical
and biological data sets of intrinsic value extending beyond data compi-
lation to control the accomplishment of regulated EQS. However, risk
management of chemicals is complex due to the numerous non-
priority contaminants in the aquatic environment, most of which are
not immediately targeted in monitoring programmes. Likewise, assess-
ment of the effects of pollutants on ecosystems is complicated by insuf-
ﬁcient information about their effects, their different bioavailability
pathways, and their interactions with other stressors (e.g., nutrients,
Holmstrup et al., 2010) and toxicants (mixtures) (Van Gestel et al.,
2010; Muñoz et al., 2012). According to the WFD, the primary causes
of ecological impairment in rivers must be determined and the neces-
sary improvements to ameliorate the ecological status proposed. To
this end, monitoring data should be analysed, and the results should
be used to inform basinmanagers and policymakers of the risk of specif-
ic pollutants, the most adversely affected water bodies, and the cause–
effect relationships in biological communities related to chemicals or
other parameters. Moreover, due to time and budget constraints, there
is a need to develop efﬁcient programmes for risk assessment andmon-
itoring in the context of the WFD.
Different approaches have been developed to identify compounds
of environmental concern and to establish priorities for monitoring.
Most of these approaches are based on the occurrence of such com-
pounds in natural systems and on their ecological and toxicological
effects. The ﬁrst list of priority substance in the WFD is an example
of prioritisation, and its revision (still underway) involved a monitor-
ing (INERIS, French National Institute for Industrial Environment and
Risks) and modelling study (Daginnus et al., 2010) that evaluated 339
and 2034 substances, respectively. Von der Ohe et al. (2011) proposed
the frequency of exceedance and the lowest PNEC as indicators for
prioritisation; these indicators have been adopted in four European
basins. The toxic unit (TU) concept (Sprague, 1970; Von der Ohe et
al., 2009; Altenburger and Greco, 2009) is based on the concentration
addition (CA) assumption (i.e., that all compounds have the same
mode of action) and quantiﬁes the toxic stress associated with a mix-
ture of pollutants. It is generally accepted as a good ﬁrst approach for
quantifying the toxic stress associated with a mixture of pollutants.
The TU is deﬁned as the ratio of a chemical's concentration and its
observed LC50 (the lethal concentration for 50% of individuals). Recent-
ly, the European Commission (2011) recommended the TU for approx-
imating the EQS for substances occurring in mixtures. Another way to
express the toxic pressure could be by means the multi-substance po-
tentially affected fraction (msPAF; De Zwart and Posthuma, 2005),
which is deﬁned as the fraction of taxa in a community that would
potentially suffer from the exposure to the local mixture of toxicants
and is based on the species sensitivity distribution methodology (SSD,
Posthuma et al., 2002). The msPAFs express the acute toxic pressure
of whole mixtures of contaminants and estimate the fractions of taxa
that would be potentially affected by the local mixtures.
The present study addresses two main objectives: i) to identify
those chemicals most likely responsible for the environmental toxico-
logical risk in four Spanish Mediterranean basins (as case studies) and
ii) to investigate the relationships between toxicological risk and bio-
logical status in these catchments. The toxicological risk for the
stream-dwelling macroinvertebrate community in the Ebro, Guadal-
quivir, Júcar and Llobregat river basins has been evaluated through
analysis of data compiled by different water authorities and applying
the TU concept. The analysis of TU results in each monitoring site is
intended to localise and evaluate the potential toxicological risks for
the communities. For the second objective, biological data compiled
by water authorities was compared with TU results obtained. These
analyses permit to evaluate whether a potential risk (measured as TU)
accurately reﬂects the risk to the community or, alternatively, whether
new criteria should be developed to improve the risk assessment.
2. Materials and methods
2.1. Study sites
The four rivers and their tributaries of the present study are clas-
siﬁed as Mediterranean rivers (Fig. 1; Table 1). They are characterised
by strong seasonality of rainfall and air temperature, and predictable
disturbances in riverine ﬂow regimes, such as ﬂoods and droughts,
can be distinguished. Variations in water discharge are associated
with large inter-annual variability in river sediment ﬂux (frequently
several orders of magnitude).
The Ebro River basin is the largest river basin in Spain (17.3% of the
Iberian territory). It is 928 km in length and has a drainage basin of
85,534 km2 and serves to a population of 3,019,176. It is largely regulat-
ed by dams and channels, which have altered its hydrological and sedi-
mentary regime. During the 20th century, the mean annual ﬂow has
decreased by approximately 30% due to dam construction, increasing
demands for irrigation, evaporation from reservoirs and land use
changes within the basin (i.e., reforestation). The abstraction of ground
and surface water for irrigation and industrial activities concentrated
close to themain cities has also deteriorated the soil andwater qualities.
The Guadalquivir River is located in southwestern Spain and is
657 km in length. Together with its tributaries, it is the main water
source of the region, serving over 7 million inhabitants. As a result,
the river receives materials of both natural and anthropogenic origins
that deteriorate the water quality. The river is navigable as far as
Seville (approximately 90 km upstream), a major inland port. The
river basin is also affected by reservoirs and dams, and its regime
is heavily modiﬁed. Over 700,000 ha of the basin is devoted to
agriculture (rice, olive and fruit trees), with the corresponding envi-
ronmental effects on the river. It discharges into the Atlantic Ocean,
and its estuary is heavily affected by tidal patterns.
The Júcar river basin is located in eastern Spain. The basin covers
21,632 km2 and includes a main stream of approximately 500 km
Fig. 1. Iberian Peninsula and its main basins. In the map, with numbers, are indicated
the basins studied. 1 Llobregat, 2 Ebro, 3 Júcar and 4 Guadalquivir.
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long. Urban water use totals 118.64 hm3/year for 1,030,979 people,
and the region irrigated by this basin spans 187,855 ha and with-
draws 1394 hm3/year. It is a highly regulated basin with a total reser-
voir capacity of 2643 hm3. The main problems regarding water use
are those typical of semiarid zones with intensive water demands.
In the lower part of the basin, urbanisation, industry, and agriculture
are intensive and negatively impact water quality. The Júcar basin
was designated as a European Pilot River Basin for the implementa-
tion of the WFD.
The Llobregat River is the second longest river in Catalonia (NE
Spain), spanning over 170 km. The river is heavily managed in its
lower course. Water at the mouth is currently pumped upstream to
augment the natural ﬂow, recharge the delta wetlands and control
seawater incursion. This river is one of the major drinking water re-
sources for Barcelona and surroundings, with a population of over
3,000,000 inhabitants. The Llobregat basin receives extensive urban
and industrial waste water discharge as well as surface runoff from
agricultural areas that are not diluted by natural ﬂow.
2.2. River basin database
Data were compiled from existing monitoring databases covering the
four river basins under study: Ebro, Guadalquivir, Júcar and Llobregat.
Data were provided by the following water agencies: Confederación
Hidrográﬁca del Ebro (CHE), ConfederaciónHidrográﬁca del Guadalquivir
(CHG) and Agencia Andaluza del Agua, Confederación Hidrográﬁca del
Júcar (CHJ) and Agència Catalana de l'Aigua (ACA).
Quality monitoring programmes compile approximately 160,000
data entries per year, which are recorded at 1100 monitoring sites
along the four basins. Physical, chemical and biological data are col-
lected. The most complete physical and chemical data records date
from the 1990s; however, the use of biological quality indices began
primarily in 2000 as a consequence of the WFD implementation. In
this study, we focused on water column data from 2008 to 2010.
These years encompass the most complete data set, including priority
substances. The EQS normative for these compounds is applicable
from 2008. In addition, for biological indices, complete data are avail-
able only from the last 3 years (2008–2010). The biological parame-
ters included in these analyses are related with measures of benthic
macroinvertebrates, including the abundance of different taxonomic
groups and biological indices (IBMWP, Iberian Biomonitoring Work-
ing Party). For the Guadalquivir basin, no chemical or biological data
were available from 2010 or later, so the analysis was conducted
using data from 2007 to 2009.
For metal analysis, water samples were ﬁltered to obtain dissolved
concentrations. For analysis of organic pollutants, samples were unﬁl-
tered (Ministerio de Medio Ambiente, 2006) except for those from
Llobregat. Biological samples were collected from different habitats
in the river using the Kick method for a set time period, providing
semi-qualitative measures of abundance at the taxonomic level of
family.
The sites studied here were those where priority substances and
other hazardous substances were periodically measured (Table 1).
To study the relationship between toxicological risk and biological
quality, those sites where macroinvertebrates were also sampled
were selected. Unexpectedly, only 106 sites (28 in the Ebro, 50 in
Guadalquivir, 8 in Júcar and 25 in Llobregat) had both chemical and
biological data.
2.3. Assessment of ecotoxicological data
To evaluate the toxicological risk at each sampling point, the toxic
unit (TU, Sprague, 1970) concept was used. The TU quantiﬁes the
toxic stress associated with a mixture of pollutants and is deﬁned as
the ratio of a chemical's concentration and its observed LC50 (the le-
thal concentration for 50% of individuals). In a mixture of chemicals,
TUsum will be the sum of the concentrations (Ci) of n individual com-
pounds in the mixture expressed as a fraction of their respective LC50,
assuming an additive behaviour of all components and representing
the maximal expected effect of a mixture:
toxic unit ¼ TU ¼
Xn
i¼1
TUi ¼
Xn
i¼1
Ci
LC50 i
: ð1Þ
The TU allows the toxic risk of sites with different chemical expo-
sure proﬁles to be compared. To derive the respective TUs, the mea-
sured compound concentrations can be scaled to the toxicity of each
compound to standard test organisms (e.g., the invertebrate Daphnia
magna, the algae Selenastrum capricornutum and the ﬁsh Pimephales
promelas) representing all trophic levels (Liess and Von der Ohe,
2005). The resulting three values indicate the risks to aquatic biota
and can be used for management prioritisation purposes. Given that
focus is on macroinvertebrate communities, LC50 values from previ-
ous acute toxicity tests of D. magna, a representative aquatic inverte-
brate, were used. This cladoceran is widely used as a model organism
and is among the taxa most sensitive to organic toxicants and metal
compounds.
In the few cases for which these values were unavailable, the EC50
(effective concentration for 50% of individuals; when more than one
value was available, the lowest concentration was used), was used.
This information was gathered primarily from the SPEAR calculator
(Liess et al., 2008), the IPCS database (IPCS, 2008), the Pesticide Prop-
erties Database (PPDB Management Team, 2009), the ECOTOX data-
base (USEPA, 2008) and Von der Ohe et al. (2011).
For each year and sampling point, for calculation of the TU of each
compound of the mixture, the maximum annual concentration mea-
sured was used (representing a ‘worst case’ scenario, in adherence to
the precautionary principle). The total risk for each sampling point, as
the sum of all TU values, was calculated. Compounds that have never
been detected above the limit of quantiﬁcation (LOQ) were excluded
from the analyses of the TU estimate.
For each sampling point, the contribution (in percentage) of each
pollutant to the total toxicity was calculated. This contribution was
measured as TU, to identify the most toxic compounds in the mixture.
2.4. Relationship between chemical and biological status
For sites where both chemical and biological data were available,
their correlation coefﬁcient was calculated. The value for the IBMWP
index was provided by the water agencies. This index is based on the
principle that aquatic invertebrates have different tolerances to general
organic pollution (primarily eutrophication); therefore, the presence or
absence of different taxonomic groups is an indicator of the level of
water pollution (Hellawell, 1986; Alba-Tercedor and Sanchez-Ortega,
1988). Each family receives a different score depending on their toler-
ance, and the ﬁnal value is the sum of the scores.
An additional biological index, the SPEAR index (calculated following
Beketov et al., 2009), was included to compare the biological and chem-
ical statuses. Themain advantage of the SPEAR index is that it is based on
Table 1
Description of the different basins and impacts of dams.
Basin Area
(km2)
Number of
tributaries
Number
of dams
Total dam
capacity (hm3)
Ebro 85,534 31 200 7507
Guadalquivir 56,978 15 114 8247
Júcar 21,632 21 13 2734
Llobregat 4948 8 4 213
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the biological traits of stream invertebrates and not on taxonomic units
or abundance parameters like many other conventional bioassessment
indices. Therefore, the SPEAR index is relatively free of confounding
factors, and its application is unconstrained by geographical and geo-
morphological inﬂuences on biological communities (Liess et al., 2008).
Species are classiﬁed according to their vulnerability to pesticides and or-
ganic compounds. The ecological traits used to deﬁne these groups in-
clude sensitivity to toxicants, generation time, migration ability, and
presence of aquatic stages during the time of maximum pesticide appli-
cation. Species with long generation times and low migration abilities
will be considered at risk due to their limited ability to avoid chemical
exposure (Liess and von der Ohe, 2005).
Calculations were made using lists of families and abundances
from the various water agencies and the programme SPEAR Calcu-
lator (Liess et al., 2012), which is freely available at http://www.
systemecology.eu/SPEAR/Start.html. The threshold index value of
an invertebrate community at risk corresponds to 30% of the species
being at risk. Values above this threshold are considered indicative
of good ecological status because a higher percentage of species
are sensitive to pollution (i.e., are species at risk). Below this thresh-
old, the more sensitive species have disappeared and few or no
remaining species are at risk. To compare chemical stress with bio-
logical quality, the logarithm of TUs was used to represent toxic
stress resulting from the total mixture of toxicants (log TU) or the
organics (log TUorg) for each site and year.
log TU ¼ log
Xn
i¼1
TUi ð2Þ
We assume that log TU indicates water contamination according
to the range presented below (after Beketov et al., 2009):
– uncontaminated (log TUb−4)
– slightly contaminated (−4b log TUb−2)
– highly contaminated (log TU>−2).
The lower end of the toxicity range was set at log TU=−4
corresponding to 1/10,000 of the acute LC50. This concentration was
assumed to be a protective concentration level, without expected
effects on communities (compared with PNEC).
Spearman's correlation coefﬁcient (signiﬁcant correlation for
p>0.05) among log TU values and biological indexes IBMWP and
SPEAR, were determined using SPSS version 2.0.
As metals and organic compounds are expected to have different
effects on communities, we performed calculated log TU separately
for metals (log TUmetal) and organic compounds (log TUorg), as
suggested by Höss et al. (2011).
3. Results
3.1. River basin database
In Table 2, the number of sampling stations, number of parameters
analysed, number of stations where biological or chemical data are
monitored, number of priority substances analysed, number of com-
pounds detected and number of compounds above EQS, in each
basin, are depicted. The analyses revealed a lack of consistency in
the names of chemicals between the four basins studied; in some
cases, for the same chemical compound, no equal nomenclature
exists through the basins. In addition, the parameters analysed varied
by sampling point and by basin. For the chemical parameters, spatial
coverage and sampling frequency varied by parameter, year and
basin. For example, in the Júcar basin, most sites containing chemicals
did not extend throughout the entire basin but were primarily located
in lower stretches. Almost all of the 33 priority substances were
analysed periodically in all basins (ranging from 4 times a year to
monthly depending on the substance, site and basin). In the Ebro
River, measurement of all priority substances occurred at only three
sites (0027 Ebro-Tortosa, 0087 Jalón-Grisén, 0163 Ebro-Ascó). In
this river, sampling of priority substances was divided into different
monitoring networks with different sampling sites. In the Jucar
River in 2010, of the 14 sampling stations for chemical substances,
only one (JUJ619) measured pesticides but not other organic com-
pounds or metals. In contrast, in four stations in this river (JUK625,
JUK627, JUL508, JUL621), pesticides such as Alaclor, Aldrin, Diuron,
Endosulfan or Simazine were not measured; the remaining 9 stations
were sampled more exhaustively. The Guadalquivir basin between 2007
and 2009 also contained sampling stationswith non-exhaustive sampling
of compounds. Llobregatwas the river basinwith themost complete sam-
pling of chemical data (organic and inorganic compounds), encompassing
a large number of sites distributed along the catchment. In Table 3, the
number of stations intended for monitoring metals, organic compounds
or both is summarized.
In contrast, biological parameters were monitored using a stan-
dardised procedure and were easy to compare and adopt in new calcu-
lations. Unfortunately, despite a large number of sites with available
biological or chemical data (Table 2), only 106 sites (28 in the Ebro,
50 in Guadalquivir, 8 in Júcar and 25 in Llobregat) contained both.
These numbers slightly changed over time because some stations
were removed and/or new ones were added to the network. In most
siteswith biological data, only basic environmental parameterswere in-
cluded in the databases (e.g., oxygen, conductivity, nutrients).
Relatively few sites exceeded the EQS values for priority substances
(Table 2). In the Ebro basin, the compounds most often responsible for
exceeding the threshold value were chlorpyrifos, nickel, mercury, and
nonylphenol. In the Guadalquivir basin, the compounds responsible for
non-compliance were cadmium in 2008, simazine in 2009 and mercury
in 2010. In the Júcar basin, chlorpyrifos exceeded the EQS in 2010, and in
the Llobregat basin, a value of triﬂuralin above the EQS was observed in
2009.
Most of the chemicals analysed occurred (at times or consistently)
at levels below the limit of quantiﬁcation (LOQ). The LOQ values for a
given substance also varied with year and sampling period.
3.2. Assessment of toxicological data
A total of 339 chemical substances were analysed in the four ba-
sins. Toxicity data for macroinvertebrates (LC50 for D. magna) were
available for 159 compounds (almost 40% of the total). Few chemicals
were consistently measured at levels above their LOQ (Table 1).
Table 2
Overview of the monitoring data available in the water agencies' databases in 2010.
Llobregat Júcar Ebro Guadalquivir
Total number of monitoring sites 80 263 497 263
Total data entries per year 21,200 40,000 50,000 50,000
Total number of chemical monitoring
sites
80 263 490 235
Total number of biological monitoring
sites
59 156 342 164
Total number of sites where PS and
other hazardous substances were
periodically measured
45 49 37 108
Number of parameters measured
(without biological parameters)
152 382 232 122
Number of biological parameters
measured
4 9 10 4
Number of chemical compounds
analysed
115 332 96 117
Number of chemical compounds
>LOQ
29 28 20 6
Number of PS analysed 37 39 36 38
Number of PS above maximum EQS
(only for 2008–2010)
1 8 9 1
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Finally, for the four basins, between 13 and 24 compounds were se-
lected for risk assessment and were evaluated as TU. This limitation
did not underestimate the toxicity risk because the computed com-
pounds represented more than 95% of the toxicity (see supplementa-
ry material). As shown in the supplementary material, the highest
toxicity risk is associated with the presence of metals (higher values
of log TUmetal than log TUorg) for almost all sites. At almost all sites,
the log TU metal value exceeds the threshold of high contamination
(log TU>−2). The heavy metals that contributed the most to the
TU values were zinc and copper (Figs. 2 and 3). In contrast, with
few exceptions, organic contaminants were associated with lower
risk (log TUorg values ranging between −2 and −4). The risk due to
Table 3
The number and group of chemical compounds analysed are not the same in all the basins and sampling points, in the table, this information is summarized.
Year Number of
stations
Maximum number
of compounds
analysed
Minimum number
of compounds
analysed
Stations where
only metals are
analysed
Stations where
only organic are
analysed
Stations
where both
are analysed
Ebro 2008 33 84 30 33
2009 34 85 28 34
2010 35 83 25 35
Guadalquivir 2007 162 96 2 24 6 132
2008 132 83 2 17a 27 88
2009 127 81 2 14a 29 84
Júcar 2008 6 110 32 2b 4
2009 12 105 37 1b 11
2010 14 98 40 1b 13
Llobregat 2008 55 107 17 13 42
2009 38 107 17 22 16
2010 45 107 17 8 37
a In addition, cyanides are analysed in these stations.
b All the organic compounds analysed are pesticides.
Fig. 2. Toxic unit (TU) level changes in sites over time. Depicted are changes in stations with high toxicological risk from 2008 to 2010 in Llobregat and Ebro basins. The compounds
represented are those that contribute more than 95% of the total toxicological risk. Data are represented in toxic unit (TU).
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organics was appreciable at some sites, especially at the Ebro (stations
0025, 0060, 0225, 0226, from 2008 to 2010; and other sites in punctual
years: Fig. 2 and TS2 in supplementary material), Júcar (station JUJ619
in 2008 to 2010 and JUK616 in 2008) and Guadalquivir (10201 in
2008 and 2009 and 10203 and 10209 only in 2008) stations; at these
sites, log TUorg values approached−1 and were higher than the levels
of metal toxicity (Fig. 3 and TS4 in supplementary material). At these
sampling points, pesticides or their derivates were the most important
compounds contributing to risk toxicity, with chlorpyrifos being the
most important. Desethylatrazine, diuron and isoproturon were also
present. Sites with good chemical quality (values of log TUb−4) were
rare. Guadalquivir was the basin with the greatest number of points
of good chemical status (in 2008, sampling points 10202, 10303,
30506; in 2009, sampling points 10203, 20802, 41101), while the
Ebro basin contained only one sampling point (0038) of good quality
in 2010. At these sites, pesticides appeared to be the most important
chemical substance, although their concentrations were low.
No pattern of pollution level change (in TU) was observed over
time. In all basins, the average TU total value is within the high pollu-
tion range (supplementary material). In Figs. 2 and 3, we show the
change in levels over time at the most polluted stations in 2008.
The supplementary material lists the compounds that accumulated
more than 95% of the total toxicological risk. The total risk (expressed
as TU for the different sampling stations) did not change appreciably
over time. Small changes in the contribution of the various pollutants
to the total toxicity in each sampling point were observed, but only a
few sampling points exhibited improvements over time (0574, 0577,
0627 in Ebro; JUJ617 in Jucar; 440, 700, 710, 840 in Llobregat; and
41,601 in Guadalquivir). In contrast, the other points decreased in
quality over time.
Although the TUs indicated high toxic risk, especially for metals,
the biological quality calculated with the SPEAR and IBMWP indexes
varied considerably. The only basin exhibiting a relationship between
biological and chemical qualities was that of the Llobregat basin
(Fig. 4). In this basin, biological quality (SPEAR index) and log TU
for pesticides were correlated (R=−0.59, p=0.002, n=26). The
IBMWP index and TUs for all compounds (organics and metals)
were also signiﬁcantly correlated (R=−0.45, pb0.0001, n=65,
Fig. 4). Six sites (440, 800, 850, 860, 890 and 900) exhibited both
low biological quality (SPEARb20) and high organic toxicity (log
TU>−2) over the 3 year period; most had high metal toxicity as
well. Site 340 exhibited low biological quality unrelated to toxicity.
For the Ebro basin, the correlation coefﬁcient between SPEAR
and log TUorg was small (R=−0.07, n=75) and not statistically sig-
niﬁcant (p=0.66). For values of log TU between 0 and−2, there was
high dispersion of biological values (from near 0 to 80% of species at
risk, Fig. 4). Similar results were observed when comparing IBMWP
and log TU for all compounds. Three sites were classiﬁed as ‘at risk’
with respect to organic toxicants (low % of species at risk and high or-
ganic toxicity): sites 87 and 225 in all years and site 60 in 2010. Site
Fig. 3. Toxic unit (TU) level changes in sites over time. Depicted are changes in the stations with high toxicological risk from 2008 to 2010 in Júcar basin and from 2007 to 2009 in
Guadalquivir basin. The compounds represented are those that contribute more than 95% of the total toxicological risk. Data are represented in toxic unit (TU).
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565 also showed low biological quality correlated (only) with metal
toxicity. Several siteswith low-to-moderate biological quality presented
no evidence of toxicity risk: 5, 38, 572 and 574.
In Júcar basin, site 272 exhibited both organic and metal pollution,
which poses a risk for the invertebrate community as was observed
with the lowest values of the biological indexes (Fig. 5). Another
characteristic of this basin was the low percentage of species at risk
(b50% at all sites). However, associations between biological and tox-
icological data could not be made, due to the low number of sites with
both biological and toxicological data.
Guadalquivir basin also exhibited low biological quality, but this
was not consistently related to metal or organic pollution. Only two
sites yielded values above 80% of species at risk. This basin had the
highest number of sites with high TU values for organic pollution,
which, in several cases, presented a risk to the community (e.g.,
sites 10802, 10803, 10201, 10203, 10502, 40901, 51613) with per-
centages less than 15% of species at risk (Fig. 5).
4. Discussion
In this study, biological and chemical data from four Spanish basins
were analysed. The toxicological risk at each sampling point and the re-
lationships between toxicological risk and biological quality were
assessed and evaluated. The sampling routines of the water agencies
were sufﬁcient to monitor the water quality under WFD speciﬁcations.
Nevertheless, improvements can be made to increase the efﬁciency
and quality of the data mining process. The data sets were not ho-
mogeneous across basins. The use of standardised chemical codes
(e.g., CAS number) can facilitate comparisons between basins and
the application of scientiﬁc assessment tools. This is especially
important under the WFD, where intercalibration exercises be-
tween basins are required.
It is also important to consider the implementation of sampling
sites where chemical and biological data could be taken together. In
the present study, both types of sampling were not available for
many points, preventing the analysis of correlations between biolog-
ical and chemical quality; such analyses are important for identifying
risk to communities. It is desirable to have complete, high quality data
sets for each sampling site (hydromorphological parameters and
chemical, biological and general water quality measures), even at
the cost of reducing the number of sampling sites.
Assuming a signiﬁcant relationship between predicted toxic pres-
sure and observed ecological status, even in a multi-stressor context,
sufﬁcient data are required from the same sites to evaluate ecosystem
changes in response to dynamic stressors and, therefore, to assess the
effects of measurement programmes on improvements to ecological
status. Water agencies, using a cost-effective approach, should revise
their monitoring programmes (survey, operational and investigative)
in light of these recommendations. With respect to ﬁeld data sets, the
collection of long-term data is also recommended. These data are ur-
gently needed now and in the future.
The large number of substances with below-LOQ values limits the
assessment of their chemical status. There is a risk that very toxic sub-
stances that are widely analysed but rarely found in the environment
could be considered of high priority but present a low actual risk (Von
der Ohe et al., 2011). Furthermore, some priority substances with EQS
under the LOQ could be underestimated. Therefore, for an accurate
evaluation of risk, the analytical procedures for some of these sub-
stances need improvement. In addition, in the databases, different
LOQ values for the same substances, depending on the year, was
found. This situation must be assumed since analytical methods are
Fig. 4. Relationships between toxicological risk and biological quality in Llobregat and Ebro. Toxicological risk is shown as log TUorg for organics and log TU for all compounds; bi-
ological quality is shown as SPEAR or IBMWP index. R = Spearman correlation coefﬁcient; p = signiﬁcance level.
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continuously improving, but presently, the compounds with sufﬁ-
cient data for environmental quality assessment are limited, both
within and among basins. Inconsistencies over time in analytical
methods and labs pose problems for intercalibration exercises and
comparisons of toxicological risk.
The use of TUwith respect to the effects on D. magna enabled classiﬁ-
cation of compounds by their potential toxicity to the macroinvertebrate
community. With few exceptions, the contribution of metals (especially
zinc and copper) on the total toxicity was paramount in all basins. The
TU values of these inorganic compounds (TUmetal) are high and indicate
a potential risk to the macroinvertebrate community. Where organic
pollutants contributed to the total toxicity, the pesticide chlorpyrifos
was the compound presenting the highest risk in all basins. Other organic
pollutants present were also pesticides or their derivatives, such as
desethylatrazine, diuron and isoproturon. Chlorpyrifos is one of the sub-
stances associatedwithnon-compliance in both the Ebro and Júcar basins.
The assessment used in this work was conservative, calculating TU as the
ratio of maximum concentration to LC50. Other works evaluate risk using
other criteria, such as hazard quotients (HQ). HQ is deﬁned as the ratio
between predicted (PEC) or measured environmental concentrations
(MEC) and their chronic toxicity and is usually expressed as NOEC
(non-observed effect concentration) or PNEC (predicted non-effect con-
centration) values (European Commission, 2003; Ginebreda et al.,
2010). These approaches can be considered variations of the application
of the concentration addition (CA) hypothesis. In using maximum con-
centration values for the chemical compounds, the worst case scenario
is depicted. By omitting data below LOQ in the analyses, the effects of
those substances could be underestimated; however, including them in
the analyses would introduce uncertainty in the evaluation of potential
risk. To cover a wider range of effects on other groups of organisms, TUs
based on algae and ﬁsh toxicity should also be considered. The present
study evaluates the risk to the macroinvertebrate community, but the
potential risks of the chemical substances studied here to other groups,
suchas algae andﬁshes, are expected to bedifferent and signiﬁcant, as ob-
served by Köck et al. (2010) and Köck-Schulmeyer et al. (2012) in the
Ebro River. Priority pollutants, other compounds and other stressors
need to be considered simultaneously (Holmstrup et al., 2010). In recent
years, the scientiﬁc literature has highlighted the presence and effects of
emerging substances in ﬂuvial systems (Farré et al., 2008; Caliman and
Gavrilescu, 2009; Muñoz et al., 2009). Agencies should include new
emerging pollutants in their monitoring programmes to improve the
evaluation of chemical quality and to more reliably quantify risk in the
river. The potential risk of other unmonitored substances is apparent
from studies of pharmaceuticals in the Llobregat (Ginebreda et al.,
2010), Guadalquivir (Martín et al., 2011) and Ebro (Gros et al., 2011)
basins.
In contrast to the potential riskmeasured using TU values, especially
for metals, a signiﬁcant relationship between TU and community index
(IBMWP and SPEAR) values was found only for the Llobregat basin. The
SPEAR index is recognised as a good biotic descriptor in studying the
effects of organics in rivers (von der Ohe et al., 2009; Schäfer et al.,
2007). Results show that poor biological quality correlates with high
chemical pollution at only few sites. Despite the poor chemical quality
(as measured by TUs) generally observed across the basins, especially
with respect to metals, the invertebrate community is not affected.
This result likely reﬂects the lack of bioavailability of these inorganic
compounds (Stockdale et al., 2010). The total recoverable metals
(i.e., the sum of dissolved, colloidal, and solid metals that can be liberat-
ed via extraction with mineral acid) from a water sample are not good
predictors of toxicity to aquatic organisms (Schmidt et al., 2010), al-
though this is the method recommended by the Spanish authorities
(Ministerio de Medio Ambiente, 2006). Roig et al. (2011) encouraged
the use of passive samplers because this method permits efﬁcient sam-
pling of the bioavailable fraction of metals and, therefore, an accurate
Fig. 5. Relationships between toxicological risk and biological quality in Jucar and Guadalquivir. Toxicological risk is shown as log TUorg for organics and log TU for all compounds;
biological quality is shown as SPEAR or IBMWP index. R = Spearman correlation coefﬁcient; p = signiﬁcance level.
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evaluation of the risk arising from metals. The bioavailability and toxic-
ity of metals are inﬂuenced bywater hardness, pH, and dissolved organ-
ic carbon; therefore, the effects and safe concentrations of metals will
vary accordingly.
Carafa et al. (2011) assessed the toxicological risk in Catalan rivers
using data from the ACA and applying bioavailability models to calcu-
late the available fractions of each toxicant depending on substance
properties and local environmental conditions. They found a clear
chemical risk in almost all sites but only a relatively small part of
the variability in terms of effects on ﬂuvial macroinvertebrates was
explained by toxic pressure. It is possible that the LC50 values of
some metals obtained in laboratory tests are overestimated. Some re-
cent studies have discussed the toxicological thresholds obtained in
laboratory experiments for some heavy metals in comparison to
ﬁeld data on metal levels and macroinvertebrate communities.
Crane et al. (2007) discussed the suitability of using EQS values
obtained from laboratory observations in the risk assessment of
macroinvertebrate communities in clean and polluted rivers. From
the mixture of heavy metals, in the studied basins, zinc is the metal
that presents (in terms of TU) the greatest apparent risk to
macroinvertebrates. Iwasaki et al. (2012) proposed to increase the
threshold of zinc in freshwater bodies after observing no obvious effects
on macroinvertebrate communities at the levels recommended by the
European Union (17.8 μg L−1). Other works have found, in experimen-
tal conditions, that the toxicity of single metals can be modiﬁed when
they are in mixtures (Gaete and Chávez, 2008). Under conditions of
chronic exposure, benthic invertebrates regulate, detoxify, and elimi-
nate metals (Schmidt et al., 2010), and these adaptive processes could
be responsible for the apparent high quality of invertebrate populations.
Because metals are naturally occurring, baseline concentrations of
metals can contribute to these adaptive mechanisms. These results re-
ﬂect the need for improved chemical analysis and for the inclusion of
metal speciation to reliably evaluate risk, at least in sites with high con-
centrations. In addition, sediments act as sources and sinks of pollut-
ants, affecting the organisms dwelling upon them (Ingersoll et al.,
1995). Sediment analyses are currently included in quality monitoring
programmes but are limited in frequency and number, limiting the as-
sessment ofwater and biological qualities. Moreover, EQS for sediments
are not yet established by existing regulations.
At sites with conﬂicting chemical and biological quality measures
(high chemical risk but no evidence of effects on communities), alter-
natives to the biotic indexes could be explored. For example, the use
of in situ and laboratory bio-assays (Damásio et al., 2008) in addition
to biological indices could be advantageous because they more closely
approximate natural conditions (especially with respect to the con-
tamination scenario) and permit more rapid detection of effects
(Maltby et al., 2002). These tests would allow researchers to deter-
mine whether the absence of an observed effect in the natural com-
munity is because of an absence of risk or because the community is
adapted to the pollutants. These experiments are not yet common
practice in Europe's river basins.
5. Conclusions
Based on an analysis of data gathered bywater agencies, the authors
propose some potential improvements to data collection in Spanish
rivers that would allow integrated and efﬁcient assessments of river
basins, in compliance withWFD. Chemical status, toxic stress, morpho-
logical degradation and eutrophication should be considered simulta-
neously with biological status at the same sampling sites or reaches
for the assessment of the global ecological status of those sites. Effective
management measures could then be implemented to improve ecolog-
ical quality in a sustainable, cost-efﬁcientway. Improvements in analyt-
ical approaches could reduce the large number of substances with
below-LOQ values and be applied consistently among basins. Further
investigation on metal-related toxicity may be necessary to reliably
estimate the risk to the environment. Agencies should include new
emerging pollutants in their monitoring programmes to improve eval-
uations of chemical quality. The collection of long-term data (survey
monitoring) is essential for the assessment of global changes in ﬂuvial
systems. Long-term data collection is recommended, at least for some
selected sites sufﬁciently representative of the basin, depending on
the basin length and spatial heterogeneity.
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• Invertebrate density changes were related with emerging compounds and conductivity.
• Catalase enzymatic activity and feeding rates in invertebrates decreased downstream.
• Emerging compounds (EDCs, PhACs) were signiﬁcant predictors of catalase activity.
a b s t r a c ta r t i c l e i n f o
Article history:
Received 17 April 2014
Received in revised form 19 June 2014
Accepted 24 June 2014
Available online 17 July 2014
Keywords:
Catalase activity
Feeding rate
Biomarker
Endocrine disrupting compounds
Pharmaceutical active compounds
Chemical pollution is one of the greatest threats to freshwater ecosystems, especially in Mediterranean water-
sheds, characterized by periodical low ﬂows that may exacerbate chemical exposure. Different groups of emerg-
ing pollutants have been detected in these basins during the last decade. This study aims to identify the
relationships between the presence and levels of prioritary and emerging pollutants (pesticides, pharmaceutical
active compounds—PhACs, Endocrine Disrupting Compounds EDCs and Perﬂuorinated Compounds—PFCs) and
the invertebrate community in four Mediterranean basins: the Ebro, the Llobregat, the Júcar and the Guadalqui-
vir. Structural (species composition and density) and functional (catalase activity of the tricopteran Hydropsyche
exocellata and the feeding activity of the cladoceranDaphnia magna) variableswere analyzed to determinewhich
of the pollutants would greatly inﬂuence invertebrate responses. EDCs and conductivity, followed by PhACs,
were the most important variables explaining the invertebrate density changes in the studied basins, showing
a gradient of urban and industrial pollutions. Despite this general pattern observed in the four studied basins –
impoverishment of species diversity and abundance change with pollution – some basins maintained certain
differences. In the case of the Llobregat River, analgesics and anti-inﬂammatories were the signiﬁcant pollutants
explaining the invertebrate community distribution. In the Júcar River, fungicides were themain group of pollut-
ants that were determining the structure of the invertebrate community. Functional biomarkers tended to
decrease downstream in the four basins. Two groups of pollutants appeared to be signiﬁcant predictors of the
catalase activity in themodel: EDCs and PhACs. This study provides evidence that the information given by func-
tional biomarkersmay complement the results found for the structural community descriptors, and allowed us to
detect two emerging contaminant groups that are mainly affecting the invertebrate community in these basins.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
Freshwater ecosystems are affected by natural factors (e.g., climatic
variability) and anthropogenic activities, and are specially overstressed
in regions with a marked seasonality and intense demand for these
resources. Almost all major human activities act as drivers of stress for
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natural habitats and biological communities. One main threat to river
ecosystems is pollution. The accumulation of diffuse pollution (e.g., from
agricultural activities) and point–source pollution (e.g., from urban
areas) gives rise to a mixture of toxicants in ﬂuvial systems that makes
it difﬁcult to attribute effects to any particular toxicant. To complete this
scenario, a large number of previously unrecognized pollutants have
been identiﬁed over the past few decades. These pollutants, usually
called emerging contaminants (ECs), enter into rivers mainly through
wastewater treatment plant (WWTP) efﬂuents (Oller et al., 2011).
Secondary treatment processes are insufﬁcient to remove them
completely, because they were not specially designed for that purpose
(Tauxe-Wuersch et al., 2005; Gómez et al., 2007) and these pollutants
become ubiquitous in the environment (Martínez Bueno et al., 2012).
Endocrine disrupting compounds (EDCs), pharmaceutical active
compounds (PhACs), personal care products, ﬂame retardants and
perﬂuorinated compounds (PFCs) are particularly relevant ECs in rivers.
It is presently unclear how the presence ofmixtures of pollutantswith a
different mode of action inﬂuences aquatic communities after long-
term exposure. To shed light on this issue would help to better assess
the environmental risk of such pollutants.
Mediterranean rivers are characterized by drought periodswith low
discharges and low ﬂows that reduce the dilution capacity of these
rivers, during which the concentrations of pollutants may signiﬁcantly
increase (Osorio et al., 2014). In addition, the inputs of the WWTPs
can often be more important in terms of ﬂow than the river by itself.
Hence, there is a close and evident relationship betweenwater quantity
and chemical and biologicalmeasures of water quality inMediterranean-
climate rivers (López-Doval et al., 2013) which has to be taken into ac-
count tomake appropriatewatermanagement decisions. In fact, the con-
tamination levels reported in basins of the Iberian Peninsula are often
higher than in other non-Mediterranean basins and have increased
in past decades as a result of human activities (Petrovic et al., 2011).
Therefore, there is a real chemical exposure risk not only for the ﬂuvial
biota but also for human and environmental health (Rovira et al., 2013;
Carpenter et al., 2011).
Quality indices that describe the structure of communities (e.g., tax-
onomic richness and diversity) have beenwidely used as biomonitoring
tools (Hering et al., 2006) to detect the effects of general pollution in the
community. However, before these structural changes occur, pollutants
ﬁrst interact at a subcellular level and these interactions can lead to in-
dividual changes linked with important life functions (e.g., metabolism,
reproduction, mobility or feeding). These sublethal responses segregate
along gradients of both toxicological and ecological relevance and can
lead to future community changes (Adams, 2003). Thus, they can be
used as tools for the early detection of toxicity, especially for ECs
whose effects are not well known.
Species respond to water quality changes using different detoxi-
ﬁcation mechanisms, for example, by increasing biotransformation
enzymes and antioxidant defenses (Gillis et al., 2014). These bio-
chemical responses can be used as biomarkers to detect the biologi-
cal impacts of pollution in rivers. Hence, biomarker analyses may
provide evidence of effects that are not detected at a structural com-
munity level, and can complement the information given by conven-
tional studies of aquatic communities. Additionally, in situ bioassays
offer greater relevance with respect to natural conditions and allow
detecting effects in hours or days at the individual or population
level (Maltby et al., 2002). The measured responses can be different
across species and include mortality, feeding rates, growth rate and
reproduction. These responses are directly related with key ecologi-
cal processes that sustain ecosystem functioning and may represent
a fertile methodology for the investigation of exposure to a mixture
of pollutants.
This study aims to identify the relationships between the presence
and concentration of common, prioritary and emerging pollutants
(pesticides, PhACs, EDCs and PFCs) and the invertebrate community.
The study was developed in four Mediterranean basins: the Ebro, the
Llobregat, the Júcar and the Guadalquivir. Structural (species composi-
tion and density) and functional variables were analyzed to determine
which of the pollutants would greatly inﬂuence invertebrate responses.
The two functional biomarkers studied were the antioxidant enzymatic
activity (catalase) of the tricopteran Hydropsyche exocellata Durfour
1841 and the inhibition of feeding activity in the cladoceran Daphnia
magna Straus 1820.
2. Materials and methods
2.1. Study area and sampling
The study area involves four rivers of the Iberian Peninsula: the Ebro,
the Llobregat, the Júcar and the Guadalquivir (Fig. 1), from north to
south. These watersheds are highly populated and have important agri-
cultural areas and industrial clusters that depend on the surface and
groundwater resources and water transfers. Thus, they were selected
because of their economic and environmental importance. The climate
in these basins is Mediterranean, characterized bymild andmoderately
moist winters, warm, dry summers and irregular rainfall concentrated
in the Spring and Autumn. Only the upper portion of the Ebro basin
has a more continental climate.
The Ebro drains an area of 85,534 km2 fromnorth central to northeast
Spain. It has a complex hydrologic regime because it receives water from
tributaries with different climates. Despite its large size, it has a relatively
small population, some 2.7 million inhabitants. The Ebro watershed is
one of the most heavily irrigated regions in Spain, although recently the
industrial sector has become increasingly important. Consequently, a
broad spectrum of emerging contaminants has been found recently in
the water and sediment (Navarro-Ortega et al., 2010).
The Llobregat River drains a 4957 km2 catchment. It is subject to
heavy anthropogenic pressure (4.5 million inhabitants in the valleys), re-
ceiving extensive urban and industrial wastewater discharges as well as
surface runoff from agricultural areas that cannot be diluted by its natural
ﬂow, especially in the dry seasons. Consequently, the water has a high
concentration of nutrients and priority and emerging pollutants.
The Júcar River drains a 21,632 km2 catchment. Agriculture accounts
for most of the water demand, but industrial and urban demands are
increasing. The Júcar is highly regulated, and the management of the
system is very complex, which leads to considerable hydrologic ﬂuctu-
ations (Paredes-Arquiola et al., 2010).
The Guadalquivir River basin is 57,527 km2 and approximately
7000 km2 of its basin is devoted to agriculture (rice, olives and fruits).
As a consequence of a high population (7 million inhabitants), the river
receives many inputs, from both natural and anthropogenic origins.
A total of 20 sites were selected in the main channel of the rivers:
5 in the Ebro (E1, E2, E3, E4 and E5), 5 in the Llobregat (L3, L4, L5, L6
and L7), 6 in the Júcar (J1, J2, J4, J5, J6 and J7) and 4 in the Guadalquivir
(G1, G2, G3 and G4) (Fig. 1). Sites were selected along the rivers to
represent pollution gradients. The samplingwas performed in two con-
secutive years at the end of the dry summer period (a. Autumn 2010
and b. Autumn 2011). At each site, composite samples from water
column and sediment (jointed sample of the uppermost 10 cm layer
from the two river banks) were taken for chemical analyses. Five sedi-
ment samples randomly distributed were taken to determine commu-
nity composition. H. exocellata individuals were collected in all sites
where this taxon was found to measure catalase activity. D. magna
enclosures to assess post-exposure feeding rates were deployed in the
Ebro, the Llobregat and the Júcar rivers in 2011.
2.2. Chemical analyses
2.2.1. Physicochemical parameters
Dissolved oxygen, pH, temperature and conductivity of water were
measured with Hach DO meters and WTW conductivity meter in each
sampling site and campaign. Water samples for nutrient analyses
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were ﬁltered in situ with glass ﬁber ﬁlters (Whatman GF/F) and frozen
at−20 ºC until analysis. Ammonia, nitrate, and soluble reactive phos-
phorus were analyzed following the standard methodology (APHA,
1995). Dissolved organic carbon (DOC) of water was determined on
a Shimadzu TOC-V CSH (Shimadzu Corporation) instrument. Sediment
samples for grain size characterization (gravel, sand, silt and clay)
were taken in all sampling sites.
2.2.2. Pollutants
A total of 16 PFCs and 50 pesticides were identiﬁed by solid-phase
extraction (SPE) followedby liquid chromatography tandemmass spec-
trometry (LC–MS/MS) according to already reported procedures (Masiá
et al., 2013).
The concentrations of the 73 PhACs were determined using a multi-
residue analytical method based on LC–MS/MS after SPE (Osorio et al.,
2014).
A total of 39 EDCs in water samples were analyzed by dual column
liquid chromatography switching system coupled tomass spectrometry
(LC–LC–MS/MS) using a method developed by Gorga et al. (2013)
(Table S1).
2.3. Invertebrate metrics
2.3.1. Community composition
Five sediment samples were randomly collected with a polyvinyl
sand corer (24 cm2 area). Samples were sieved through a 500-μm
mesh to isolate the invertebrates, which were ﬁxed with 4% formalde-
hyde. The invertebrates were sorted, counted, measured and identiﬁed
in the laboratory under a dissecting microscope (Leica Stereomicro-
scope). The identiﬁcation was at species level for almost all taxa –
including Oligochaeta – with the exception of the Chironomids, which
were identiﬁed at genus level, and the Phylum Nematoda. Abundances
were referred to the basis of sediment surface area.
2.3.2. Catalase activity in Hydropsyche exocellata
H. exocellata individuals were hand-collected in all sites were this
taxonwas found (L3, L4, L6, J2, J4, J7, E2, E4, G1, G4), immediately frozen
in liquid N2 and kept at−80 °C for further biochemical analyses. Indi-
viduals were separated into four size classes in order to test if catalase
activity differed between larval stages. Four–ﬁve individuals were ana-
lyzed for each size class. Catalase activity wasmeasured by the decrease
in absorbance at 240 nm due to H2O2 consumption (extinction coefﬁ-
cient 40 M−1 · cm−1) according to Aebi (1974). The reaction volume
was 0.5 ml and contained 50 mM phosphate buffer, pH 7 and 50 mM
H2O2 (Ni et al., 1990; Faria et al., 2010). Catalase activity was expressed
in terms of μmol per milligram of protein, which was quantiﬁed using
the Bradford method (Bradford, 1976) with γ-globulin as standard.
2.3.3. Feeding inhibition in Daphnia magna
D. magna deployments were conducted in situ as indicated by Barata
et al. (2007) using the same test chambers and procedures of McWilliam
and Baird (2002). Chambers were constructed from clear polyvinyl chlo-
ride cylindrical piping (13 cm long, 5 cm external diameter). Each cham-
ber had two rectangular windows (7 × 3.5 cm) cut into either side of the
cage, coveredwith 150 μmnylonmesh. Pipe endswere sealedwith poly-
propylene caps. In eachdeployment, a lab control treatmentwith animals
maintained in the lab and never exposed to the ﬁeld was also included
as a surrogate control. Deployments were conducted during Autumn
2011 in the Ebro (E2, E3, E4 and E5), the Llobregat (L3, L4, L5 and L7),
and the Júcar rivers (J2, J4, J5 and J6). Juveniles were transported to
ﬁeld sites in groups of 10 in 175 glass jars ﬁlled with American Society
for Testing Materials (ASTM) hard water (APHA-AWWA-WEF, 1995;
McWilliam and Baird, 2002). At each site, 5 chambers, each containing
Fig. 1. Study sites in the Ebro, Llobregat, Júcar and Guadalquivir basins (Iberian Peninsula).
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10 individualswere placed inside a 13-mm2wire-mesh cylinder thatwas
positioned in the stream perpendicular to ﬂow.
After 24 h, animals were retrieved from the chambers. Shortly after
exposure (within 1 h) ﬁve surviving juveniles were placed into 60 ml
screw-capped glass jars containing 50 ml of ASTM hard water, with
Chlorella vulgaris (Beijerink, strain CCAP C211/12) at a concentration
of 5 · 105 cells/ml, and allowed to feed for 4 h (McWilliam and Baird,
2002). Three jars containing no animals were used to establish initial
algal densities. Post-exposure feeding rates were also measured in ani-
mals maintained in the lab during the duration of the deployments
and transported to the ﬁeld sites to include a surrogate lab control.
Post-feeding experiments were conducted in the darkness to avoid
algal growth and to remain under constant temperature conditions
(20 ± 2 °C) provided by a thermostated chamber. Individual feeding
rates (cells animal−1 · h−1) were determined as the change in cell
density for 4 h according to the method given by McWilliam and Baird
(2002). Cell density was estimated from absorbance measurements
at 650 nm in a dual-beam spectrophotometer (Uvikon 941) using
standard calibration curves based on at least 20 data points, with an r2
N 0.98.
2.4. Statistical analyses
Concentrations of chemicals that were lower than the method
detection limits were assigned with a value that was one-half of the
detection limit (Clarke, 1998). The normality and homoscedasticity of
the chemical and environmental data sets were tested with Kolmogo-
rov–Smirnov tests. Variables were log-transformed when necessary to
fulﬁll normality and homoscedasticity assumptions. Multivariate analy-
ses were performed using CANOCO™ v4.56 software (Microcomputer
Power, Ithaca, NY, USA). Rare invertebrate taxa (present in b5% of the
samples) were omitted. Compounds were grouped in different families
taking into account their mode of action. A detrended canonical corre-
spondence analysis (DCA) was initially performed on the invertebrate
data (the abundances of the four basins and of the two sampling
campaigns all together) to determine whether unimodal (Canonical
Correspondence Analysis, CCA) or linear ordination (Redundancy Anal-
yses, RDA) methods were most appropriate. The gradient length was
3.9, indicating that a unimodal response model (Lepš and Šmilauer,
2003)was appropriate. Thus, a CCAwas used to explore the relationship
between chemical and environmental data (independent variables) and
invertebrate abundances (dependent variables). Afterwards, DCAswere
performed separately for the Llobregat and the Júcar basins and indirect
gradient analyses (RDAs) were performed because of the different
origins of pollution detected in each river.
Spearman correlations were used to explore relationships among
chemical variables and functional responses of the community.
In addition to indirect gradient analyses and Spearman correlations,
a linear mixed-effect model was constructed using the lme function in
the nlme package (Pinherio and Bates, 2000) in R v. 3.0.2 to test the
effects of the different groups of chemicals (PhACs, pesticides, PFCs,
and EDCs) and physicochemical variables, both as ﬁxed effects, in func-
tional biomarkers (feeding and catalase activity). All models were ﬁtted
including basin and site as random effects on the intercept. The signiﬁ-
cance of the ﬁxed effect terms was assessed by starting with the most
complex model and then simplifying by removing non-signiﬁcant
terms identiﬁed using likelihood ratio tests. Models were compared
using maximum likelihood because the models had different ﬁxed
effects. Because the model validation plots showed heteroscedasticity
between basins, a variance function of the form varIdent was imple-
mented to estimate the within-group variance and account for unequal
variances among the four basins. The likelihood ratio test was used to
assess whether the implemented models signiﬁcantly improved the ﬁt
to the data. Finally, the model was reﬁtted using restricted maximum
likelihood (REML) to determine the parameter estimates.
3. Results
3.1. Chemical and environmental characterization
Conductivity increased downstream andwas higher in the Llobregat
and in the downstreamGuadalquivir sites. Nutrient concentrations also
increased downstream in all the basins. DOC in thewater ranged from 1
to 10mg C/L and tended to increase downstream, especially in the Gua-
dalquivir and in the Llobregat rivers. Fine sediment (b0.03mm) tended
to increase downstream in the Guadalquivir, but only in 2011. Guadal-
quivir is the basin with the highest percentage of ﬁne sediment
(b0.03 mm). G2 and G4 in 2011, and G1 in 2010 showed percentages
higher than 10%. The sites with a high percentage of ﬁne sand (0.03–
0.1 mm) were E2, E3, L3 and L4 in 2010, and E5, J7 in 2011 (Table 1).
The chemical groupswith the highest detected concentrations in the
two periods of studywere PhACs and EDCs (Table S1). The total levels of
PhACs ranged from 40 to 3000 ng/L, and of EDCs from 50 to 2300 ng/L,
with the exception of LLO7 in 2011, where EDC concentrations reached
11,000 ng/L. PFC levels ranged from non-detected to 800 ng/L. Finally,
the concentrations of pesticides ranged from 0 to 600 mg/L and their
highest levels were detected in the Júcar in 2010. Within the group
of PhACs, the family with highest concentrations in all basins was anal-
gesics and anti-inﬂammatories, with a range from 5 to 510 ng/L. The
Llobregat also hadhigh levels of almost all PhACs' families (Table S1). Di-
uretics were found at high levels in the Ebro, Guadalquivir and Llobregat
rivers (100, 100 and 420 ng/L, respectively). Levels of anti-hypertensive
drugs were high in the Ebro and in the Llobregat rivers (maximum con-
centrations of 180 and 650 ng/L, respectively). Fungicides, herbicides
and insecticides were detected at high levels in the Júcar. Levels of her-
bicides and fungicides were also high in the Llobregat, and insecticides
were the family with the highest concentrations in the Ebro. Finally,
within the group of EDCs, high levels of industrial compounds, which
include alkylphenols, anticorrosive benzotriazoles, phosphate ﬂame
retardants and bisphenol A, were detected in all basins.
3.2. Structural response of the community to environmental and chemical
variables
The Canonical Correspondence Analysis (CCA) between inverte-
brates' densities and chemical and environmental variables explained
the 45% of the total inertia. Theﬁrst two axes explained 20.7% of the spe-
cies data variation.
The most important variables explaining the invertebrate variation
on the ﬁrst axis were conductivity and EDCs, followed by PhACs. Thus,
in the CCA diagram sites were displayed in this axis following a gradient
of urban and industrial pollutions, increasing from right to left, while the
distribution of the samples along the second axis was mainly explained
by pH, dissolved O2 and pesticides. The Llobregat and the Guadalquivir
sites showedmore urban and industrial pollutions andwere distributed
on the left part of the ﬁrst axis, while the pollution in the Júcarwasmore
agricultural. The Júcar sites were distributed in the upper part of the
second axis, except J7 (Fig. 2A). Samples corresponding to upstream
sites (E1, E2, E3 and G1) had a different composition of species
than those situated downstream of the rivers, where the community
consisted of high densities of a few tolerant species of Chironomidae
(Orthocladius spp.) and Oligochaeta (Branchiura sowerbyi), and also
Ephemeroptera (Caenis luctuosa) (Fig. 2B, Table S2).
The variance partitioning technique allowed the determination of
the percentage of variance explained by environmental parameters
and that explained by chemical pollution, and also the identiﬁcation of
the variables which were statistically signiﬁcant in the model.
In the Llobregat River the total variation explained was 44.2%.
Environmental data alone accounted for 20.9%, while pollution data
alone explained 7%. The shared fraction of the total variation between
environmental and chemical pollution data was 16.9%.
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The signiﬁcant variables explaining the invertebrate community
distributionwere conductivity and the pharmaceutical group of analge-
sics and anti-inﬂammatories (Fig. 3A). Downstream sites (L5, L6, L7)
were characterized by high concentration of these compounds and
poor community diversity in sediments (Fig. 3B, Table S2).
In the Júcar River, the total variation explained was 48.1%. Environ-
mental data accounted for 24.4%, while pollution explained 18.7%. The
shared fraction of the total variation between environmental and chem-
ical pollution data was 5%. The signiﬁcant variables were conductivity,
again as in the Llobregat River, and a group of pesticides: fungicides
(Fig. 3C). Invertebrate community at downstream sites in the Llobregat
River (L6, L7) was characterized by poor communities, and in the Júcar
River (J6, J7) by high densities of the Chironomidae species Polypedilum
sp. and Tanytarsus sp., and the Oligochaeta Branchiura sowerbyi. In the
other sites species richness was higher (Fig. 3D, Table S2).
3.3. Functional response
3.3.1. Catalase activity
Themean values of catalase activity ranged between 3 and 32mmol ·
min−1 · mg prot−1 and, in general, were lower in the year 2010 than in
2011 (F = 765.3, p b 0.001). The activity values differed between basins
(ANOVA, F = 68.7, p b 0.001), Llobregat River presenting the highest
ones. There were also signiﬁcant differences between sites in the Júcar
River in 2010 (F = 4.7, p b 0.05,), in the Guadalquivir in 2011 (F =
27.4, p b 0.001) and in the Llobregat, in both years (2010: F = 15.4,
p b 0.05; and 2011: F = 7.7, p b 0.001) with a general tendency to de-
crease downstream with pollution (Fig. 4).
Signiﬁcant correlations between catalase activity and levels
of different pollutants were found. Correlations were negative for PFCs
(Spearman's ρ =−0.405, p b 0.001) and pesticides (Spearman's ρ =
−0.329, p b 0.001), and positive for EDCs (Spearman's ρ = 0.175,
p b 0.01).
The linear mixed-effect model shows that there is a relationship
between catalase activity and two groups of pollutants: PhACs and
EDCs (Table 2). A quadratic positive function was ﬁtted for PhACs, and
a linear positive function was ﬁtted for EDCs. DOC was also signiﬁcant
in the ﬁnal ﬁtted model.
3.3.2. Feeding activity
D. magna feeding rateswere lowerwith respect to laboratory control
in all the sampling sites. The rates decreased downstream in the Ebro
and the Llobregat rivers and ﬂuctuated in the Júcar sites (Dunnett's
test, p b 0.001). The sites with lower feeding rates (below 50%) were
E5, L7 and J2, all of which were characterized by high pollution and
low species diversity (Fig. 4). Signiﬁcant negative correlations
(Spearman's ρ=−0.27, p b 0.05) between feeding rates and levels of
pesticides were found. However, no signiﬁcant variables could be
detected using linear mixed-effect model.
4. Discussion
The goal of this studywas to identify relationships between the pres-
ence and concentration of pollutants and the invertebrate communities'
structure and functioning. The most important variables explaining the
invertebrate density changes in the studied basins showing a gradient of
urban and industrial pollution were EDCs and conductivity followed by
PhACs. EDCs include a wide variety of different compounds. Those with
the highest levels detected in the basins were alkylphenols and azoles.
This response for structural parameters of the community was found
Table 1
Minimum and maximum levels for the different physicochemical variables measured during the study period in the four basins.
N-NH4
(mg L−1)
N-NO3
(mg L−1)
P-PO4
(mg L−1)
PH Conductivity
(μS cm−1)
DOC
(mg C L−1)
D.O.
(mg L−1)
% ﬁne sediment
(b0.03 mm)
% ﬁne sand
(0.03−0.1 mm)
Ebro Min. 0.04 0.26 0.001 6.8 290 0.13 6.67 0.12 0.55
Max. 0.25 2.86 0.060 8.3 1300 4.60 10.62 2.45 32.97
Guadalquivir Min. 0.05 0.86 0.001 7.8 428 2.39 6.29 1.17 5.46
Max. 0.68 9.50 0.445 8.7 2460 7.55 10.87 13.91 54.98
Jucar Min. 0.03 0.10 0.001 7.9 650 1.16 8.81 0.05 0.32
Max. 0.13 6.87 0.080 9.2 1016 3.82 11.22 2.23 12.97
Llobregat Min. 0.06 0.88 0.040 7.5 1003 2.48 5.90 0.04 0.11
Max. 6.18 5.79 2.270 8.3 1821 10.24 9.80 3.28 26.28
Fig. 2.Ordination plots based on the Canonical Correspondence analysis (CCA) of invertebrate density for the Ebro, the Llobregat, the Júcar and theGuadalquivir River sites: (A) ordination
of sampling sites. The signiﬁcant environmental variables are represented in the plot by arrows, which point in the direction of maximum change in the value of the associated variable;
and (B) ordination of invertebrate species on the ﬁrst two environmental axes of the CCA. Species codes are listed in Table S2.
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for catalase activity but not for feeding rate. These results give consis-
tency to the short (functional response) and long (density change)
time responses of biological community to pollution for the four studied
basins.
Though there are still few studies available about the speciﬁc effects
of these compounds, it has been demonstrated that some alkylphenols
act as EDCs and can accumulate in organisms' tissues (David et al.,
2009; Soares et al., 2008) affecting the organisms at a sublethal level.
Gust et al. (2010) described changes in the reproduction performance
of another snail species (Potamopyrgus antipodarum) in a basin heavily
polluted by alkylphenols, among other pollutants, with levels lower
than or similar to those found in our study. In a previous study per-
formed in three of the studied basins (Ebro, Llobregat and Júcar) chang-
es in reproduction endpoints and development of snails (Physella acuta)
were detected downstream and correlated with the concentration of
EDCs (De Castro-Català et al., 2013).
In addition to the general patterns observed in the four studied ba-
sins - impoverishment of species diversity and abundance change
with pollution- each basin maintained certain differences related to
the dominant land uses which determine different contaminant con-
centrations. In the particular case of the Llobregat River, analgesics
and anti-inﬂammatory drugs from the family of PhACs signiﬁcantly ex-
plained part of the variance of the invertebrate community. These
chemicals are inherently biologically active compounds, which tend to
accumulate in organism tissues (Huerta et al., 2012). In fact, previous
studies have already reported the inﬂuence of PhACs in the benthic
communities of this river.Muñoz et al. (2009) foundpotential causal re-
lationships between the levels of different pharmaceutical products and
the abundance and biomass of several key benthic invertebrates.
Ginebreda et al. (2010) also found inverse linear correlations between
macroinvertebrate diversity indexes and hazard quotients of PhACs. Lit-
tle is known about speciﬁc long-term effects of PhACs in aquatic organ-
isms but chronic lowest observed effect concentrations (LOECs) in
standard laboratory organisms are in the range of environmental con-
centrations (Fent et al., 2006).
In the case of the Júcar River, fungicides were themain group of pol-
lutants explaining the invertebrate community variance. In fact, the
Júcar River presented the highest concentrations of pesticides, especial-
ly, fungicides, both in 2010 and 2011. Belenguer et al. (2014) revealed
that there is a permanent or frequent supply of pesticides along the
Júcar River Basin, including some components forbidden in the EU. In
the same study, a wide spectrum of these pesticides has been detected
in ﬁsh tissues. Recent results have demonstrated that many common
azoles used in agriculture act as endocrine disrupters in vivo in both
mammals and ﬁsh (Janna et al., 2011). The non-target speciﬁcity of
some pesticides has been demonstrated in the previous studies (Flores
Fig. 3.Ordination plots based on Redundancy analysis (RDA): (A) ordination of sampling sites for the Llobregat River. The signiﬁcant environmental variables in the variance partitioning
analysis are represented in the plot by arrows, which point in the direction of maximum change; (B) ordination of invertebrate species of the Llobregat River; (C) ordination of sampling
sites for the Júcar River; and (D) ordination of invertebrate species of the Júcar River. Species codes are listed in Table S2.
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et al., 2014). More recently, Zubrod et al. (2014) has provided evidence
that single fungicides and fungicidemixtures result in sublethal and also
lethal effects in amphipods at environmentally relevant concentrations.
Moreover, they have suggested that when considering repeated expo-
sure together with the presence of multiple stressors in the ﬁeld, syner-
gistic effects may appear (Holmstrup et al., 2010; Bereswill et al., 2013).
Some of these fungicides, such as imazalil and tebuconazole, have been
detected in the Júcar River. There are no previous studies analyzing the
speciﬁc effects of pesticides on invertebrate communities in the Júcar
River. This is the ﬁrst work that shows a potential causal link between
the presence of fungicides and the structure of the invertebrate commu-
nities in this river.
Conductivity was another environmental variable that appears to be
signiﬁcant in indirect gradient analyses. The upstream–downstream
range of conductivity found in the studied rivers was wide, especially
for the Llobregat, the Júcar and the Guadalquivir rivers. Previous studies
in these rivers have shown that increasing salt concentration may
affect negatively the diversity and abundance of the biota and have
also described sublethal responses in invertebrates (Munné, 2003; De
Castro-Català et al., 2013). Recently, Cañedo-Argüelles et al. (2013)
have described salinisation as an urgent ecological issue in rivers around
the world.
Aquatic organisms are highly susceptible to oxidative effects from
pollutants (Regoli et al., 2002). Different groups of compounds can
generate or enhance the production of reactive oxygen species (ROS)
(Vlahogianni et al., 2007). Catalase activity is a sensitive biomarker of
high-oxidative-stress conditions because it helps detoxify oxygen-free
radicals and limits or prevents damage to macromolecules (Orbea
et al., 1999). In this study, catalase activity of the ﬁlter-feeder
H. exocellata (Trichoptera)was analyzed. Filterers are prone to the accu-
mulation of pollutants, and so, they are sensitive biondicators of pollu-
tion associated with ROS generation and oxidative damage (Damásio
et al., 2011a). Catalase activity showed high variability between consec-
utive years and between basins. This high variability has already
been reported for catalase and also for other biochemical biomarkers
(Correia et al., 2003; Jemec et al., 2010). The temporal differences may
be related to the natural variability of the enzymatic activity attributed
to different populations. H. exocellata has more than one generation
per year in these rivers; although all the individuals were sampled in
the same period (early autumn), they corresponded to different cohorts.
However, we found that there were no signiﬁcant differences in the
catalase activity between larval instars. Catalase activity in the studied
basins tended to decrease downstream, which may be a response to
the type and concentration of the chemicals interactingwith the organ-
ism (Gust et al., 2013). Laboratory studies have reported increased
levels of catalase with respect to control conditions after exposure to
pollutant mixtures (e.g., Gust et al., 2013 for PhACs or Stepić et al.,
2013 for pesticides) but fewer studies have been performed in situ.
Jebali et al. (2007) found increased levels of catalase with respect to
control in a zoneunder intensive urban and industrial activities. Howev-
er, Damásio et al. (2011a) observed an inhibition of catalase activity
in H. exocellata transplanted individuals between the same sites of the
Llobregat and, in agreement, Regoli et al. (2011) found signiﬁcant inhi-
bition of the catalase activity at the highest polluted condition. Our
results suggest that organisms collected from the most polluted sites,
mainly in the Llobregat, Júcar and Guadalquivir rivers, could be more
Fig. 4. (A) Boxplot ofH. exocellata catalase activity in the four basins in 2010 (a) and 2011 (b). Asterisks indicate p b 0.05 between sites. (B) Boxplot of D. magna feeding rates in the Ebro,
Llobregat and Júcar rivers in 2011. CE: Ebro control, CL: Llobregat control and CJ: Júcar Control. Asterisks indicate p b 0.05 with respect to control.
Table 2
Estimated parameters for ﬁxed effects in the selected linear mixed-effect model ﬁt by
REML. Basin and site were considered random effects.
Log cat–log PhACs + (log PhACs)2 + log EDCs + log DOC
AIC BIC log-Lik
−248.023 −211.963 135.011
Fixed effects Estimate Std. error t-Value p-Value
Intercept 1.727 0.11 15.586 b0.001***
log Phacs −1.709 0.292 −5.845 b0.001***
(log Phacs)2 −1.765 0.368 −4.796 b0.001***
log EDCs 0.84 0.274 3.062 b0.01**
log DOC −0.891 0.137 −6.519 b0.001***
⁎ p-value b 0.01; ⁎⁎⁎ p-value b 0.001.
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susceptible to suffer oxidative stress. Modeling the enzymatic activity
revealed a tight relationship with two important groups of pollutants,
PhACs and EDCs. Both groups are ubiquitous in the environment and
have been detected at μg/L level in downstream sites. In particular, a
quadratic response to PhACs was found. The response to EDCs was lin-
ear and positive. Therefore, the response of the biochemical biomarker
to pollution by PhACs and EDCs appears to be positive and additive
until it reaches a threshold at 200 ng/L of PhACs abovewhich concentra-
tion it decreased. The decreasing response of catalase wasmainly found
in the Llobregat, where the highest levels of PhACs were detected. The
linearmixed-effects model also reﬂected the importance of organic pol-
lution in the enzymatic activity. DOC is a general (or non-speciﬁc) indi-
cator of organic loadings in rivers. In general, DOC was low in the
upstream sites in all the basins, and increased gradually downstream,
particularly in the Llobregat and the Guadalquivir rivers.
After exposureD. magna feeding rates also decreased in all the stud-
ied basins. This general trend was negatively correlated with pesticide
levels. The decline of cladoceran feeding rates after exposure to pesti-
cides has been found in lab experiments (Fernandezcasalderrey et al.,
1994; Agatz et al., 2013). The reported effects respond to an impairment
of metabolic functions, resulting in alterations in biochemical constitu-
ents (Sancho et al., 2009). The feeding functional response has already
been tested in the Llobregat River (Damásio et al., 2011b) with the
same result found in our study.
The similar results obtained using multivariate analyses and linear
mixed-effect models reinforce the relationships between structural
and functional responses of invertebrate community and pollution.
These results narrow the list of the prime candidates for toxicity risk
in rivers under complex and multiple pollution inputs. Management
and regulation in these Mediterranean rivers should focus mainly on
two emerging contaminant groups: endocrine disrupting compounds
and PhACs. Taking into account that the increase in PhAC discharge in
the environment has recently been identiﬁed as an important issue
(Sutherland et al., 2012) for the conservation of biological diversity in
the future, our ﬁndings add new knowledge and data to support these
general claims.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2014.06.110.
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Macroinvertebrate communityThe determination of the real toxicity of sediments in aquatic ecosystems is challenging and necessary
for an appropriate risk assessment. Different approaches have been developed and applied over the
last several decades. Currently, the joint implementation of chemical, ecological and toxicological
tools is recommended for an appropriate and successful toxicity risk assessment. We chose the com-
bination of the toxic unit approach with acute pore water tests (Vibrio ﬁscheri, Pseudokirchneriella
subcapitata and Daphnia magna) and whole-sediment exposure tests (V. ﬁscheri, Chironomus riparius),
together with invertebrate community composition (multivariate analyses) to detect short and long-
term responses of the organisms in four rivers of the Iberian Peninsula. High toxicity was detected
in three sites (the downstream sites of the Llobregat and the Júcar, and the most upstream site of
the Ebro). We identiﬁed organophosphate insecticides and metals as the main variables responsible
for this toxicity, particularly in the whole-sediment tests. In particular, chlorpyrifos was mostly
responsible for the toxicity (TUs) of D. magna, coinciding with the C. riparius mortality (long-term
toxicity) in the mentioned sites, and copper was the main pollutant responsible for the short-term
toxicity of P. subcapitata. The combination of the different approaches allowed us to detectà).
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
298 N. de Castro-Català et al. / Science of the Total Environment 540 (2016) 297–306ecotoxicological effects in organisms and identify the main contributors to the toxicity in these multi-
stressed rivers.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Sediment quality is crucial to the health of an aquatic ecosystem
(Davoren et al., 2005). Many pollutants (e.g., metals and POPs) can
bind physically and chemically with sediments and persist for long
periods of time to become bioavailable depending under certain hydro-
logical conditions and exert adverse effects on aquatic organisms
(Winkels et al., 1998; Zoppini et al., 2014). Therefore, sediments may
act both as a sink and as a source of pollution (Hollert et al., 2000).
The determination of emerging compounds (ECs) (e.g., endocrine
disrupting compounds, pharmaceuticals and personal care products)
with target methodologies based on the combination of efﬁcient ex-
traction technologies and liquid chromatography mass spectrometry
(LC–MS) (e.g., Llorca et al., 2011; Masiá et al., 2013; Köck-Schulmeyer
and Olmos, 2013; Gorga et al., 2014) has allowed for the precise and
accurate quantiﬁcation of the organic pollution. However, chemical
concentrations alone are insufﬁcient to demonstrate adverse environ-
mental effects because they do not provide any evidence of toxicity
(US EPA, 1994; Zhou et al., 2008). Sediment toxicity is difﬁcult to ad-
dress because of the interaction of the chemicals with the sediment,
which determines their bioavailability. The sorption strength of sedi-
ments may vary depending on the composition of sediments and the
organic matter content (Cornelissen and Gustafsson, 2005). In addition,
this composition may vary with the hydrological dynamics of the river
(e.g., ﬂow ﬂuctuations, changes in physicochemical variables).
Suitable and ecologically relevant tools must be used to properly
assess the toxicological impacts of sediment pollution. Various risk
assessment methods are used to evaluate the potential toxicity of the
sediment (e.g., toxic equivalent factor approach, toxic unit summation,
hazard index) (Scholze et al., 2014). The toxic unit (TU) approach,
whichwas ﬁrst proposed by Sprague and Ramsay (1965), was developed
by Höss et al. (2011) to evaluate the toxicity of complexmixtures in sed-
iments for different organisms. Because it is based on the concentration
addition model for mixture toxicity (Norwood et al., 2003 and Sprague,
1970), and is valid for the application to organic chemicals and metals,
TU allows for the estimation of the cumulative toxicity in sediment for
key test organisms (e.g., Daphnia magna, Pseudokirchneriella subcapitata).
Different exposure routes,modes of chemical action anddifferent sen-
sitivities may exist for benthic organisms (Rodriguez and Reynoldson,
1999; Ingersoll et al., 2015). Froman ecotoxicological perspective, various
approaches (e.g., interstitialwater quality, spiked sediment toxicity, tissue
residue) were developed to detect the speciﬁc effects of chemicals on or-
ganisms living in sediment, but only whole-sediment tests using benthic
organisms are suitable for a realistic risk assessment of the sediment
compartment (OECD, 1992; Vandegehuchte et al., 2013). It is possible to
address adequately all routes of exposure using these tests (EC, 2003).
Additionally, pore water tests may complement the whole-sediment
toxicity, because benthic organisms are exposed both to interstitial
water and sediment.
Different species have different sensitivities to chemical stress;
therefore, the combination of a battery of contact tests with organisms
from different organizational and trophic levels allows a better sedi-
ment ecotoxicity assessment (Maltby et al., 2005; Höss et al., 2010;
Tuikka et al., 2011). However, whole-sediment and pore water labora-
tory tests cannot capture effects that could be observed at the commu-
nity level in the natural system. The direct and indirect effects of toxic
pollutants on individuals and species may alter community structure
(e.g., biodiversity decrease, change from sensitive to more tolerant spe-
cies). The additional study of the whole community changes along theriver basins might allow for the detection of responses at this level,
thereby improving the ecological realism of the laboratory ecotoxicity
assessment.
In fact, the guidance documents of the WFD (EC, 2010) emphasize
the need for new monitoring tools that help to understand the link
between chemical and ecological status and provide indications for
the use of ecotoxicity methods in a Triad approach, combining the
three assessment methods mentioned above: chemical, laboratory
bioassays, and ecology. Therefore, the aims of this study were to
(i) study the sediment pollution of four Iberian rivers and determine
their associated toxicity using the TU approach; (ii) analyze the compo-
sition and density changes of the benthic invertebrates' community;
(iii) detect the speciﬁc effects of polluted sediment on organisms
using a battery of toxicity bioassays with organisms of different organi-
zation levels, covering different trophic levels; and (iv) ﬁnd common
trends among the results of the bioassays and the community changes
regarding the sediment ecotoxicity risk.
2. Materials and methods
2.1. Study area and sampling
The study was performed in four representative rivers of the Iberian
Peninsula: the Llobregat, the Ebro, the Júcar, and the Guadalquivir. The
selected basins cover a substantial area of the Mediterranean region,
as well as a rich set of socio-ecological conditions. The climate is
Mediterranean, with mild and moderately moist winters, warm and
dry summers and irregular rainfall concentrated in the spring and
autumn.Only the upper section of the Ebro basin has amore continental
climate. The four basins ﬂow through areas with high population,
particularly the middle and lower courses of the rivers. Important
agricultural areas and industrial clusters are located in the watersheds,
which depend on the surface and groundwater resources and water
transfers (De Castro-Català et al., 2015).
A total of 17 sites were sampled in early autumn of 2011, under
conditions of base ﬂow, in the main channel of the rivers: 4 in the
Ebro (E1, E2, E3 and E5), 4 in the Llobregat (L3, L4, L5 and L7), 5 in the
Júcar (J2, J4, J5, J6 and J7) and 4 in the Guadalquivir (G1, G2, G3 and
G4) (Fig. 1). The sites were selected along the rivers to represent the
pollution gradients. At each site, a sediment sample (jointed sample of
the uppermost 10 cm layer from the two river banks) was taken for
chemical analyses. Five randomly distributed sediment samples were
taken to determine community composition. To perform the bioassays,
sediment from the surface (10 cm) of the riverbed was collected and
stored in two containers (~3 kg). Samples were mixed up before the
toxicity assays.
2.2. Chemical analyses
2.2.1. Sediment characterization
Sediment samples for grain size characterization and organic matter
content quantiﬁcation were taken in all of the sampling sites. The
humidity of the sediments was measured using the UNE 77311 proce-
dure and porosity, according to DiToro (2001) (Table S1).
2.2.2. Organic pollutants
A total of 21 perﬂuorinated compounds (PFCs) were determined
by solvent extraction using acetic acid and methanol followed by
liquid chromatography tandem mass spectrometry (LC–MS/MS)
Fig. 1. Study sites in the Ebro, Llobregat, Júcar and Guadalquivir River basins (Iberian Peninsula).
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50 pesticides (Pests), namely triazines, benzimidazoles, carbamates
and organophosphates, were extracted by a modiﬁcation of the
QuEChERS approach and also determined by LC–MS/MS (Masià
et al., 2015) (Table S2A).
A total of 31 endocrine disrupting compounds (EDCs), including
estrogens (natural and synthetic), alkyphenolics, benzotriazoles
(corrosion inhibitors), parabens, antimicrobials and ﬂame retardants
were analyzed using amethod based on dual column switching using
turbulent ﬂow chromatography followed by liquid chromatography
coupled to tandem mass spectrometry (TFC–LC–MS/MS) (Gorga
et al., 2014).
The concentrations of 73 pharmaceutical active compounds (PhACs)
belonging to different pharmaceutical families, namely analgesics
and antiinﬂammatories, antibiotics, lipid regulators, antihypertensives,
antihistamines, psychiatric drugs, diuretics and beta-blockers, were
determined in sediments using multi-residue analytical method based
on LC–MS/MS after an extraction with the combination of accelerated
solvent extraction and solid phase extraction (Osorio et al., 2012).
Persistent organic pollutants (POPs), which comprised 16 polycyclic
aromatic hydrocarbons (PAHs) and 7 polychlorinated biphenyls (PCBs),
were analyzed by GC/MS following Quesada et al. (2014).
2.2.3. Metals
To calculate the metal bioavailability in sediments, a sequential
extractionwas performed according to the Community Bureau of Refer-
ence (BCR) method (Mossop and Davidson, 2003), as adapted by Roig
et al. (2013). The BCR sequential extraction method provides informa-
tion about in which fractions of sediment are associated with the trace
metals. Therefore, the metals bound by ionic exchange or forming
carbonate salts correspond to the most bioavailable fraction, followed
bymetals bound to iron andmanganese oxyhydroxides, organic matter
and sulﬁdes and the residual fraction.
The concentrations of somepotentially toxic elements (PTEs) (arsenic
(As), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), nickel
(Ni), lead (Pb), and zinc (Zn)) were analyzed in the pore water ofsediment, total sediment, BCR fractions and SEM by inductively coupled
plasma-mass spectrometry (ICP-MS) (Roig et al., 2013). The metal con-
centrations in the total sedimentwere comparedwith the corresponding
US EPA benchmarks in order to determine the potential risk of ecological
damage (US EPA, 2007).
Additionally, the acid-volatile sulﬁde (AVS) and simultaneously
extracted metal (SEM) analyses were performed according to Allen
et al. (1993) with somemodiﬁcations, to distinguish the potentially cat-
ionic toxic metals associated to sulﬁdes in sediments. If the SEM/AVS
ratio is higher than one, toxicity due to bioavailable metals in sediment
may be occurring.
2.2.4. Toxic units
The TU approach was used (Sprague, 1970) to evaluate the toxicity
of sediments. Sediment toxic units were deﬁned as the ratio of the esti-
mated (for organic compounds) or measured (for metals) pore water
concentration of a contaminant and the water exposure based on toxic-
ity values for D. magna (48-hour acute EC50) and P. subcapitata (72-
hour EC50) (Eq. (1)):
TUi ¼
Cipw
EC50iw
ð1Þ
where TUi is the toxic unit of an individual compound detected in
sediment; Cipw estimated (for organics, see below) or directlymeasured
(for metals) pore water concentration (μg/l) of the compound; and
water only exposure based EC50i (μg/l) effective concentration for 50%
of the individuals when exposed to the substance concerned. Following
the equilibrium-partitioning approach (DiToro, 2001), the measured
bulk sediment concentrations were used to estimate the bioavailable
fraction of organic contaminants in the pore water, as suggested by
several authors (Schäfer et al., 2011; Wetzel et al., 2013). Partitioning
coefﬁcients between sediment and water were (Kd) used to calculate
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CS ¼ CPW  Kd ð2Þ
where, Kd is the partitioning coefﬁcient between the water and sedi-
ment of the chemical, CS is the bulk sediment concentration and CPW
the is the pore water concentration of the contaminant.
For non-ionic organic chemicals, the organic matter was assumed to
be the major binding phase in sediments (DiToro, 2001). Therefore, the
fraction of organic carbon in sediment (foc) and the partitioning coefﬁ-
cient between organic carbon and water (Koc) were used to calculate
the pore water concentration (Eq. (3)):
CPW ¼ Csf oc  Koc
: ð3Þ
The total risk of the sediment to aquatic life was assessed by sum-
ming the toxic units for all of the contaminants detected in the sample
following the concentration addition concept (CA). Metals and organic
chemicals were considered separately. For organic chemicals TUs were
calculated for families of compounds and also for groups (PFCs, Pests,
EDCs, PhACs and POPs) (Table S2A).
2.3. Invertebrate metrics
2.3.1. Community composition
Five sediment sampleswere randomly collectedwith apolyvinyl sand
corer (24 cm2 area). Sampleswere sieved through a 500-μmmesh to iso-
late the macroinvertebrates, which were ﬁxed with 4% formaldehyde.
The invertebrates were sorted, counted, measured and identiﬁed in
the laboratory under a dissecting microscope (Leica Stereomicroscope).
The identiﬁcation was at the species level for most taxa, – including
Oligochaeta –with the exception of the Chironomids, whichwere identi-
ﬁed to the genus level, and the PhylumNematoda. The identiﬁcationwas
performed according to Tachet et al. (2000) for macroinvertebrates,
Brinkhurst and Jamieson (1971) for Oligochaetes and Wilderholm
(1983) for Chironomidae.
2.3.2. Bioassays
Ecotoxicity tests were performed in pore water andwhole sediment
samples. Pore waters were obtained by sterile vacuum ﬁltration
through 0.22 μm pore size. The ecotoxicity was evaluated using the
following test organisms: the bacterium Vibrio ﬁscheri, the freshwater
green algae P. subcapitata and the crustacean D. magna. The whole
sediment ecotoxicity was evaluated with V. ﬁscheri and the midge
Chironomus riparius. All these species are used worldwide as represen-
tative test species in ecotoxicology and toxicity data are available in
literature for different compounds.
The acute toxicity of the pore water and whole sediment was tested
on the luminescent bacteria V. ﬁscheri using the Microtox® M500
analyzer (Azur Environmental Ltd.). The inhibition luminescence test
was performed following the Basic Test for 90% aqueous extracts and
the Solid Phase Test in pore water and whole sediment, respectively,
according to the Microtox® supplier protocols and the norm ISO
11348-1:2007. The EC50 at 15 min was calculated in both tests. The
units of EC50 were expressed as percentage (v:v) and mg sediment/ml
test medium in the pore water and whole sediment tests, respectively.
The D. magna acute immobilization test with pore water was
performed using the microbiotest Daphtoxkit F™ (MicroBioTests Inc.,
Belgium) according to the corresponding supplier protocol and the
OECD 202 norm.
The toxicity of pore water for P. subcapitata was performed as
required by the OECD 201. The EC50 at 72 hwas calculated, and growth
inhibition was considered the endpoint. Units of EC50 were expressed
as percentage (v:v) of pore water dilution.The C. riparius long-term toxicity test was performed with whole
sediment according to the ASTM E 1706-05 method (ASTM, 2005)
considering survival, growth (biomass) and development (head width)
as endpoints, following Agra and Soares (2009).
Toxicity acute effects were classiﬁed into different levels of toxicity
following the ranges established by Roig et al. (2015), which went
frommarginally toxic to highly toxic (Table 1). For C. riparius, the effects
were considered when values were equal or higher than 30% mortality
or when signiﬁcant differences in growth or development with respect
to the control were observed.
2.4. Statistical analyses
The normality and homoscedasticity of the chemical and environ-
mental datasetwere testedwith Kolmogorov–Smirnov tests. The chem-
ical and sediment-related variables were log-transformed. Multivariate
analyses were performed using CANOCO™ v4.56 software (Microcom-
puter Power, Ithaca, NY, USA). Rare invertebrate taxa (present in b5%
of the samples) were omitted. The compounds were grouped into
different families, taking into account their mode of action (Table S2A).
A detrended canonical correspondence analysis (DCA) was initially
performed on the benthic invertebrate data to determine whether
unimodal (canonical correspondence analysis, CCA) method or linear
ordination (redundancy analysis, RDA) method was the most appropri-
ate (Lešp and Šmilauer, 2003). Finally, a CCA was used to explore the
relationship among the chemical data (independent variables) and
invertebrate abundances (dependent variables). Forward selection of
signiﬁcant variables was performed using Monte Carlo permutations
test (n = 1000).
AnANOVA followed byDunnet's post-hoc testswas used to compare
the sub-lethal responses of C. ripariuswith the controls. Spearman rank
correlations between D. magna TUs and long-term effects, and between
P. subcapitata TUs and short-term effects (P. subcapitata and V. ﬁscheri
tests) were performed using SPSS software, version PASW Statistics 18
(SPSS Inc., 2009).
3. Results
3.1. Pollution
3.1.1. Metals
The BCR sequential extraction method showed that metals were the
compoundswith the highest loads that accumulated in the sediments of
the four river basins. These high levels were mainly due to Zn. Sites J4
and L7 exceeded the reference values for river sediments for the total
concentrations (Fig. 2). The most exchangeable fraction of Zn ranged
from 1.5 to 24.5 μg/g, with E3 presenting the highest concentration. In
addition to Zn, Ni was another metal with high concentrations of the
exchangeable fraction in the sediments of the Guadalquivir River (1.8
to 4.1 μg/g), and in the most downstream site of the Llobregat River
(1.7 μg/g). These levels of Ni showed that it was relatively available,
especially in L7, G2, G3, and G4, where the benchmarks for the total
levels were exceeded. For Cu, J4, J7, G3 and G4 exceeded the bench-
marks. Cu binds primarily to the organic matter of the sediment,
because it forms the strongest metal–humic acid complexes out of all
of the divalent cations. In this case, the most bioavailable fraction was
above 0.5 μg/g in E1, L5 and J4. Themost potentially bioavailable fraction
of was below 0.4 μg/g in most of the sediments, and only L5 and L7
exceeded the benchmarks. L7, G3 and G4 exceeded the benchmarks
for Cr, although the bioavailable fractions were insigniﬁcant. This result
may indicate that Cr III is the predominant form of Cr (insoluble and
mildly toxic). Hg was the element whose benchmarks were exceeded
at many points in the four basins. However, the residual fraction was
very high and close to the benchmark in most sites, which indicated
that the geological background levels were already high in these rivers.
No benchmarks were exceeded for Pb, Co and Cd. However, Cd was the
Table 1
A)Results of the short-term toxicity assays in porewater (PW) andwhole sediment (WS). Toxicity ranges: in blue, non-toxic; in green, slightly toxic; in yellow,marginally toxic; in orange,
moderately toxic; in red, highly toxic. B) Results of the long-term toxicity assay inwhole-sediment (WS) expressed in absolute values and in percentagewith respect to control. HW: head
capsule width; DW: dry weight. In purple: toxic effects.
*p-value b 0.05, **p-value b 0.01.
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many cases) and, although the total valueswere low, cadmiumbioaccu-
mulation cannot be discarded. The SEM/AVS analysis conﬁrmed that J4,
G4 and E2 presented high bioavailability of metals, and thus potential
effects on organisms may be occurring in these sites (Table S3).Fig. 2. Total metal concentrations in sediments (μg/g). Colors show the different sediment fract
sulﬁdes; in yellow:metal fraction bound to Fe andMn oxyhydroxides; in red:metal fraction exc
US EPA Benchmarks (only those metals that exceeded the benchmarks in at least one samplinThe concentrations of metals in pore waters were very low com-
pared with the total concentrations in the sediment. This fraction corre-
sponds tometals that aremore readily available. Cu at some sites (J6, G2,
E2, E3 and E5), and Hg and As in all sediments (except for G3 for As and
G1 for Hg) exceeded the benchmarks for surface waters (US EPA, 2006)ions, in blue: residual metal fraction; in green: metal fraction bound to organic matter and
hangeable and/or associated to carbonates (themost bioavailable). The red lines show the
g site are shown).
302 N. de Castro-Català et al. / Science of the Total Environment 540 (2016) 297–306(Table S2B). Generally, pore waters tend to be more concentrated than
surface waters, but it is important to emphasize that benthic organisms
are highly exposed to them.
The sites with highest levels of metals were J4 and L7, and being the
latter site presented the highest diversity of metals, with levels above
the reference thresholds for Zn, Cu, Hg, As, Cr and Ni.
3.1.2. Organic chemicals
POPs were the group of organic compounds with the highest levels
detected, particularly in L4 and E1 where some PAHs (e.g., chrysene,
pyrene, phenanthrene) were detected at the μg/g level (Fig. 3). The
EDC nonylphenol reached concentrations of 100 ng/g in almost all the
basins, with a peak of 200 ng/g in E3. Within the EDCs group,
methylparaben and the ﬂame retardant tris (chloroisopropyl) phos-
phate also reached high levels in the Júcar and Llobregat Rivers, respec-
tively. One site in the Ebro River (E3) presented high values of both
compounds. Among the pesticides, the organophosphate chlorpyrifos
reached 40 ng/g in the Llobregat. Some pesticides from the family of
the azoles presented concentrations above 10 ng/g in the Júcar and
the Llobregat Rivers. Almost all of the PhACs presented levels below
2 ng/g with the exception of ketoprofen, which presented values
above 4 ng/g in almost all the sites and above 10 ng/g in the J2 and L4.
Metronidazole reached a peak of 8 ng/g in G4 and acridone (a transfor-
mation product of carbamazepine) reached levels above 5 ng/g in L4, J7
and E3.
3.2. Toxic units
3.2.1. TUs for D. magna
Total organic chemical TUs ranged from 0.01 to 5.3 (Fig. 4A). The
Llobregat River presented the highest values, with the exception of L7.
E1 and G1 also presented high levels of toxicity, above 2. Organophos-
phate pesticides, speciﬁcally chlorpyrifos, were responsible for the
high toxicity values in almost all of the sites were. The highest values
(TU N 2) for this insecticide were detected upstream of the Ebro River
and midstream of the Llobregat River. Chlorfenvinphos and malathion
(also organophosphates) presented high TUs inG1 (2.7) and J5 (1.3), re-
spectively. Other pesticides that contributed to these very high levels of
toxicity in the sedimentwere diazinon in theGuadalquivir River and the
carbamate methiocarb in J1.
The values for the total TUs for metals ranged from 0.05 to 1.65
(Fig. 4B). Two sites, J6 and E5, presented values higher than 1. Although
Zn was the element with the highest measured concentrations, Cu had
the highest toxicity. The EC50 values for D. magna (and P. subcapitata),
are very low for the latter, compared with those of the other metals
(Table S4). Therefore, the TUs for this metal were higher than 0.1 in all
of the sites, which indicated a risk of acute toxicity.Fig. 3. Concentrations of themain groups of organic chemicals analyzed in sediment (ng/g).The sums of POPs' TUswere thehighest in E4 (0.04), L4 (0.06) and L7
(0.035). The individual TUs were all below 0.03. PAHs (anthracene,
benzo-a-pyrene and ﬂuoranthene) dominated in all of the sites with
the exception of L7,where two PCBswere detected. Other sites that pre-
sented lower values that were still above 0.001were the rest of the sites
of the Ebro and the Llobregat Rivers, J5 and G4. The TUs of EDCs
increased towards downstream and were approximately 0.04 in G4,
L6 and L7. The compounds with the highest TUs were methylparaben
in G3, G4, J4, J5, J7 and L7, and some alkylphenols (nonylphenol and
octylphenol) in the most downstream sites of the Ebro, Guadalquivir
and Llobregat Rivers. The toxicity associated with POPs and EDCs was
due to the high levels detected in the sediment, not to the high potential
of toxicity of the compounds. The Guadalquivir River presented values
higher than 0.002 for PhACs' TUs in all the sites. G1 and G4 were the
sites with the highest PhACs' TUs (0.008 and 0.006, respectively),
whichweremainly related to two antibiotics (oﬂoxacin and ciproﬂoxa-
cin). The Llobregat River presented a high diversity of PhACs, but it did
not exceed the TUs of 0.001 in any of the sites. The TUs of total PFCs
were below 0.0005 in all of the rivers. In summary, the sites with the
highest toxicity for the crustacean were L5, L3, L4, G1 and E1, mainly
due to the toxicity of the insecticide chlorpyrifos.3.2.2. TUs for P. subcapitata
Metals were the main contributors to toxicity for P. subcapitata
(Fig. 4B). Metals' TUs ranged from 0.2 to 3.6. J6 was the site with the
highest levels of toxicity. The Ebro River presented levels above one in
all the sites, and the levels were higher than 2.5 in E5 and in J6. All of
the sites had levels above 0.1 TU. Cuwas themain contributor, followed
by Hg in the Júcar, and Ni and Zn in the Ebro River. Another metal with
low EC50 values, apart from Cu, is Hg, which was the main responsible
of metal toxicity upstream of the Júcar (J2, J4 and J5). The other metals
contributing to the toxicity were Ni, Mg, and As. Nonetheless, the
individual TUs were below 0.05.
Total organic TUs ranged from 0.01 to 0.1 (Fig. 4A). POPs' TUs were
approximately 0.08 in E1, E3 and L4. In J5 and E5, the values were
approximately 0.03 and were due to anthracene. PhACs were higher
than 0.03 in G2, G3 and G4 due to the toxicity of ciproﬂoxacin. EDCs'
TUs were below 0.02 in all of the sites, with the exception of J5 and
downstream sites of the Guadalquivir and Llobregat Rivers, following
the same trends as the D. magna TUs. Pesticides' TUs were below 0.01
in all of the sites with the exception of J5, which presented a slim peak
of prochloraz. Thus, green algae seem to be more sensitive to metals
than cladocerans. Sites J6, E5, E2 and E3 presented the highest toxicity
mainly due to the toxicity of copper.
An underestimation of the real toxicological risk could have occurred
to a certain degree due to the absence of toxicological data for some
compounds such as some PCBs and PFCs.3.3. Benthic community of invertebrates
The benthic community was primarily composed of Chironomidae
and Oligochaeta. Some of the sites located upstream of the studied riv-
ers presented some distinctive species not present in the respectively
downstream sites, such as the oligochaeta Potamothrix hammoniensis
in the Ebro River and the snail Potampyrgus antypodarum in the Júcar
River. The taxonomical richness decreased downstream in all of the
rivers. The taxa present in these downstream sites were more tolerant
to pollution and included Polypedilum sp., Branchiura sowerbyi and
Limnodrilus hoffmeisteri.
The canonical correspondence analysis (CCA) between inverte-
brates' densities and chemical and environmental variables explained
12% of the total inertia. The signiﬁcant variables explaining the inverte-
brate density variation were the proportion of ﬁne sediment (3.4%),
POPs (3.4%), Pests (2.7%) and PFCs (2.5%) (Fig. 5).
Fig. 4. Toxic units for D. magna and P. subcapitata. A) Toxicity of organic compounds. B) Toxicity of metals.
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All sediments presented ecotoxicity for at least one bioassay with
the exception of L4. Toxicity results obtained in solid phase tests
presented higher ecotoxicity than those obtained on pore water tests
(Table 1), although ﬁne textured materials may interfere, especially
for V. ﬁscheri test. This species was the most sensitive according to the
pore water tests. Four samples showed marginally ecotoxicity (E1, E2,
E5, G4) and two others presented slightly ecotoxicity (E3 and J2) ac-
cording to the ecotoxicity ranges (Roig et al., 2015). Samples L5 and
L7 were classiﬁed as marginally toxic for P. subcapitata, while samples
G3, G4 and J2 were classiﬁed as slightly toxic. Any of the samples pre-
sented ecotoxicity for D. magna. Whole-sediment tests performed
with V. ﬁscheri presented ecotoxicity in almost all of the sediments, es-
pecially in the Guadalquivir River and in J5 and J6. The mortality of
C. riparius was of 50% in E1, and 30% in L5 and J5. Sub-lethal long-term
effects were also observed in the ecotoxicity test with C. riparius. Indi-
viduals from J2 showed lower biomass with respect to the control
(Dunnett's test, p b 0.01) and, on the other hand, individuals from G2
presented higher biomass (Dunnett's test, p b 0.05). Development
seemed to be delayed in L5 (Dunnett's test, p b 0.05). According to
these results, sediments that presented the highest ecotoxicity for the
different tests were E1 and L5, followed by J5, J2, G4, E3 and G2.Signiﬁcant correlations among the results of the C. riparius test and
D. magna TUs, and the results of V. ﬁscheri tests and P. subcapitata TUs
were found. The mortality of C. ripariuswas correlated with the TUs of
chlorpyrifos (r = 0.48, p b 0.05). Signiﬁcant correlations were also
detected between the TUs of PhACs and changes in development
(r =−0.62, p b 0.01) and biomass of C. riparius (r =−0.51, p b 0.05).
The TUs of PhACs were also correlated with the EC50 values of the
V. ﬁscheri whole-sediment test (r =−0.76, p b 0.01). Regarding pore
water tests, the EC50 values of V. ﬁscheri were correlated with the TUs
of metals (r = −0.53, p b 0.05), particularly with the TUs of Ni
(r =−0.57, p b 0.05), and also with pore water concentrations of Hg
(r =−0.57, p b 0.05).4. Discussion
Using the TU approach we evaluated the potential toxicity of the
sediments. All the sediments of the Ebro River exceeded the value of
expected acute toxicity for metals, and also for pesticides in site E1. TU
values of the Guadalquivir and Llobregat Rivers' sediments were high
due to the presence of organic compounds. The sediments of the Júcar
River presented high values of TUs for metals in some sites (e.g., J6)
and high toxicity values for organic pollutants in other sites (e.g., J5).
Fig. 5. CCA between invertebrate community and concentrations of pollutants in sedi-
ment. Abbreviations: Atr — Atrichops sp., Cae — Caenis luctuosa, Eph — Ephemera danica,
Lim — sF. Limoniinae, Pot — Potamopyrgus antipodarum, Drus — sF. Drusinae, Das — sF.
Dasyheleinae, Cer — sF. Ceratopogoninae, Hel — Helobdella stagnalis, Pol — Polycelis
nigra-tennis, Nem — P. Nematoda, Sim — Tr. Simuliini, Hem — sF. Hemerodromiinae,
Cry — Cryptochironomus sp., Chi — Chironomus sp., Euk — Eukiefferiella sp., Reo —
Reocricotopus sp., Dic — Dicrotendipes sp., Mic — Microtendipes sp., Pol — Polypedilum sp.,
Cla — Cladotanytarsus sp., Sti — Stictochironomus sp., Mcs — Micropsectra sp., Nan —
Nanocladius sp., Pen — Tr. Pentaneurinii, Cri — Cricotopus sp., Ort — Orthocladius sp.,
Thi — Thienemannimyia sp., Thll — Thienemanniella sp., Par — Parametriocnemus sp.,
Mac — Tr. Macropelopinii, Tan — Tanytarsus sp., Bra — Branchiura sowerbyi, Lim.h —
Limnodrilus hoffmeisteri, Lim.u — Limnodrilus udekemianus, Ptx — Potamothrix
hammoniensis, Lum — Lumbriculus variegatus, Enc — F. Enchytraeidae, Nai.c — Nais
communits, Nais.p — Nais pseudobtusa, Nais.v — Nais vairabilis, Psa — Psammoryctides
barbatus, Pri— Pristina leidyi, Par.f— Paranais frici, Aul— Aulodrilus pigueti, Slav.i— Slavina
isochaeta, Sla.a — Slavina appendiculata, Sty — Stylaria lacustris, Hap — Haplotaxis
gordioides.
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we could identify sites L5, E1 (3 different tests showed toxicity) and J5
(2 different tests showed toxicity, including C. riparius mortality) as
those presenting higher ecotoxicity. The results of the bioassays
matchedwith the results of the TU approach in these sites. L5 presented
the highest TUs for D. magna, mainly due to chlorpyrifos. A reduction of
30% of the survival was observed for themidge C. riparius in this site, as
was a delay in development. Additionally, the As levels in the sediment
were above the benchmarks, and toxicitywas detected forV. ﬁscheri and
P. subcapitata. The same trend was observed in E1, the most upstream
site of the Ebro River, and although the toxicity due to chlorpyrifos
was not as elevated as in L5, TUs for metals exceeded one and the
mortality of C. ripariuswas the highest in this site. E1 has been previous-
ly reported as a highly toxic site by Roig et al. (2015). In J5, TUs were
high due to another organophosphate insecticide:malathion. Reduction
of 30% of the C. riparius survival was detected, and the toxicity for
V. ﬁscheri was severe. The levels of toxicity in these sites exceeded the
threshold for expected acute effects (Schäfer et al., 2012).
Organophosphorus (OPs) insecticides are widely used because they
are highly effective and exhibit relatively nonpersistent characteristics.
Moreover, these pesticides lack speciﬁcity, and it has been demonstrat-
ed that they are also highly toxic to nontarget species, including other
aquatic organisms different than insects (Mise Yonar et al., 2014). In
particular, chlorpyrifos has been categorized as “very toxic to aquatic
life” and “very toxic to aquatic life with long lasting effects” (Watts,
2012). Lethal and sub-lethal effects have been detected in different in-
vertebrate species, including C. riparius, at environmentally relevantconcentrations (e.g., Arambourou and Stoks, 2015, 1971; Rakondravelo
et al., 2006; Pérez et al., 2013). Bioaccumulation of chlorpyrifos in ﬁsh
tissues has been found by Masiá et al. (2015) in a study performed in
the Llobregat basin. Chlorfenvinphos, which has been banned in many
countries because of its severe neurotoxic effects, presented very high
toxic levels in G1, and, to a lesser extent, in J2. Malathion has also been
reported as a compound highly toxic for invertebrates, causing acute
and chronic effects even at the ng/l level, affecting the reproduction
and the development of species such as D. magna (Barata et al., 2004;
Ren et al., 2007; Toumi et al., 2015). Acute and chronic effects have
also been detected for chironomids at the ng/l level (Rebechi et al.,
2014). Another pesticide worthy of note is diazinon, which has been de-
scribed as one of themost stable organophosphates (Albanis et al., 1998;
Aronzon et al., 2014) and presented certain toxicity in three of the four
basins, particularly in the Guadalquivir River. The toxic effects of diazi-
non to non-target organism have been reported for several groups
of aquatic organisms, including cladocerans (Fernández-Casalderrey
et al., 1995; Sánchez et al., 2000; Bailey et al., 2001; Jemec et al., 2007)
and chironomids (Schuler et al., 2005).
In general, the solid phase tests showed higher ecotoxicity levels
than did the pore water tests. This observation was in accordance with
the results of the study performed by Roig et al. (2015). Despite no
effects were detected with the D. magna pore water short-term assay
in any of the sampling sites, long-term effects were detected with the
C. ripariuswhole sediment test in some sites, including lethality. These
results allowed for the detection of relevant effects after chronic expo-
sure, and support the importance of combining a battery of tests for a
correct ecotoxicological assessment. Although it has recently been
detected that species with high metabolic rates (e.g., D. magna) are
more sensitive to pollutants than species with lower metabolic rates
(Baas and Kooijman, 2015), the toxicity data collected for some insects
by the same authors provided evidence of their high sensitivity to the
OPs pesticides. That is, the toxicity of a pollutant is also determined by
its mode of action in relation to the test organism. On the other hand,
toxicological data (e.g., EC50) of the cladoceran are widely available
for compounds that belong to different chemical groups, with different
modes of action, but toxicity data for insects such as C. riparius are still
too scarce to perform a TU approach with this species.
The toxicity risk showed by the pesticides in our basins could some-
what be detected in the CCA. The variability in density of the inverte-
brate species was explained by a 3% for changes in pesticides' levels,
mainly OPs. Other relevant compounds that explained the community
changes were POPs, mostly PAHs, which presented toxicity, although
to a certain extent, in L4 and E1. It is well known that the chemical prop-
erties of industrial POPs make them persistent in the sediments of
aquatic ecosystems, and they are able to bioaccumulate easily in the
tissues of biota and eventually cause toxicological effects (Covaci et al.,
2005; Naso et al., 2005; Van Ael et al., 2012).
The sediments of the Guadalquivir River had high toxicity, although
it was only detected with the V. ﬁscheri short-term bioassay. This toxic-
ity may be related to the toxicity of metals (high TUs for P. subcapitata),
particularly Cu, Ni and Hg and also to some PhACs (antibiotics). In G2,
the SEM/AVS ratio indicated high toxicity due to bioavailability of
metals and long-term effects were also detected with the C. riparius
test. High levels of Ni may be an indicator of recent anthropogenic
pollution (Krachler et al., 2003), because it is a metal widely used in
industry and it can be found at elevated levels in freshwater areas sur-
rounding heavily developed urban areas, but it may also be related
with previous metal-mining activities. The Guadalquivir River basin
was particularly affected by this element. An excess of Ni have been
found to affect survival of algae (Eisler, 1998; Muyssen et al., 2004)
and also of some freshwater gastropod species (Peters et al., 2014;
Niyogi et al., 2014). The toxicity of Cu and Zn, can be explained by
their bactericidal and antimicrobial nature affecting the enzymatic
systems. Additionally, Cu is a strong inhibitor of photosystem II electron
transport activity and can alter the energy storage capacity in algae
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Mohn, 2003; Bossuyt and Janssen, 2004 and Sabatini et al., 2009). Cu
and Zn have both been found to be more toxic for algae than for
daphnids (Ardestani et al., 2014), which could explain why toxic effects
were detected with the P. subcapitata and V. ﬁscheri tests but not with
the D. magna test. Toxicity of Hg was important in the Júcar River,
especially upstream. This metal can bioaccumulate and have severe im-
plications in vertebrate and invertebrate organisms (Cardoso et al.,
2012; Cabecinhas et al., 2015). In algae it may cause alterations in enzy-
matic activities and photosynthetic inhibition (Jonsson and Aoyama
2009) at concentrations in the range than those detected in interstitial
water of the sediments of the Júcar River.
De Castro-Català et al. (2015) have found that PhACs and EDCs from
water in the same rivers are themost likely chemical families related to
benthic invertebrate responses. Regarding water toxicity, Kuzmanovic
et al. (2015) have also identiﬁed OPs insecticides and alkylphenolic
compounds (EDCs) as the main contributors of toxicity for D. magna
in these four basins. In the present study, metals and some OPs were
themain contributors to sediment toxicity, what emphasizes the differ-
ent fate of pollutants (water or sediment) depending on their chemical
characteristics. The properties of compounds (e.g., partitioning coefﬁ-
cient) coupled with the sediment characteristics (e.g., organic carbon
content, grain size) are determining the chemical composition of
sediments. Mediterranean rivers are characterized by important hydro-
logical ﬂuctuations (Bonada and Resh, 2013). Floods can periodically re-
move river bed sediment, mainly the ﬁne fraction, and the interaction
and persistence of pollutants in sediment are inﬂuenced by this hydro-
logical dynamism. In fact, theﬁne sediment percentagewas a signiﬁcant
variable for the community composition (see CCA analysis), which
highlights the importance of sediment dynamism in these basins. In ad-
dition to the effects of toxic pollutants, excessive ﬁne sediment loads
may result in the elimination of certain species, particularly those with
sensitive traits (Buendia et al., 2013) and their habitats (Robson et al.,
2013).
5. Conclusions
We identiﬁed hotspots of sediment toxicological risk in the studied
rivers using a combined approach of TUs, a battery of ecotoxicity bioas-
says and local invertebrate community description. Short-term effects
in V. ﬁscheri and P. subcapitata, and long-term sub-lethal and even lethal
effects in C. riparius indicate that sediment toxicological risk is highly
severe in some sites of the studied rivers, and that it can affect the inver-
tebrate communities, particularly if this exposure is continuous and
accumulative over time and along the river. The TU approach helped
to identify OPs insecticides (chlorpyrifos) and metals (mainly Cu, but
also Hg and Ni) as the main contributors responsible for the toxicologi-
cal effects in the sediments. These results suggest a strong necessity to
keep developing toxicity studies with organisms from different organi-
zational levels, covering the range of different sensitivities to com-
pounds with different modes of action. The development of studies at
higher levels of organization (e.g., community) is also crucial to provide
ecologically relevant predictions of toxic effects in the environment. Fi-
nally, this study also evidences the importance of integrating ecological,
toxicological and chemical techniques for an appropriate risk
assessment.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2015.06.071.
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• An in  situ  bioassay evaluates  relationships  between EDCs  and snail  reproduction.
• Reproduction  endpoints  and  embryo  development  of Physella acuta were  studied  in  three Iberian  basins.
• Eggs per clutch  increase  but  total  number  of eggs decrease downstream  the basins.
• Number of  juveniles  at the  end of  the experiment  was  lower downstream.
• EDC concentrations  were correlated  with reproduction  variables.
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a  b  s  t r  a c  t
An  in  situ  bioassay  was conducted in three Iberian  basins  (Ebro,  Llobregat  and Júcar Rivers) to  study  the
reproductive  effects  on  the freshwater  snail  Physella acuta.  Adult individuals were transplanted in spe-
cially  designed cylindrical  cages.  Endpoints  included mortality,  number  of eggs and clutches,  number  of
eggs  per clutch  and  embryo  development  after 8 days.  The  results  were contrasted with  laboratory  con-
trols.  Significant  changes in  P.  acuta  reproduction parameters  were  detected  in  all of the rivers:  the  num-
ber  of clutches or  eggs  per  snail  decreased  in  the  Ebro  and Llobregat  basins  downstream but the  number
of  eggs per clutch increased.  The  complete  development  of  snails  was  delayed at some sites downstream
in  the Júcar  and  the  Ebro basins.  The  results  were contrasted  with  concentrations of  Endocrine  Disrup-
ting  Compounds  (EDCs) and  their  Estrogenic  Equivalent Quotients  (EEQs).  Positive  relationships (Pearson
correlations)  were identified between the  number  of  eggs per  clutch  and the  total  EDC concentration,
bisphenol  A (BPA)  and their EEQs, lipid regulators  and diuretics. These  endocrine-disrupting  chemicals
may  constitute a  toxicological risk  for the  reproductive  performance  of snails  in the studied  basins.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
River ecosystems are subject to a wide range of pressures and are
heavily exploited and managed. River water is  used for agricultural,
industrial and domestic purposes that lead to water contamination
with numerous natural and synthetic compounds. Recent scientific
literature indicates a  growing interest in environmental contami-
nants that interfere with the normal endocrine function of aquatic
life [1,2]. Endocrine Disrupting Compounds (EDCs) affect organisms
through diverse mechanisms: by mimicking or  antagonizing the
hormone effects, altering the  synthesis and metabolism of hor-
mones and modifying hormone receptor levels [3].  The EDC group
includes, among others, natural and synthetic hormones, some
∗ Corresponding author. Tel.:  +34 00 93 402 15 07.
E-mail address: ndecastro@ub.edu (N. De Castro-Català).
pharmaceuticals, alkylphenolic (AP) compounds originating from
the biodegradation of surfactants and detergents and bisphenol A
(BPA), which is used in the manufacturing of flame retardants and
polycarbonates. Evidence also suggests that some pesticides (e.g.,
alachlor, dicofol, methoxychlor, chlordane, diuron) can disrupt the
endocrine systems of fish and other aquatic species [1]. EDCs  enter
rivers mainly as  a result of  the  inefficient treatment of estrogenic
compounds during sewage treatment. Estrogenicity persists in the
receiving waters, and the concentrations that are present in  natu-
ral systems (rivers, estuaries, and coastal areas) are high enough to
result in  deleterious reproductive consequences [4].
Mediterranean rivers are characterized by a drought period
of low water discharge, predominantly during summer. In rela-
tion to other regions of the  world, the Mediterranean basin is
one of the  most vulnerable to climate changes [5]. Recent analy-
ses in Mediterranean watersheds indicate that climate change is
responsible for decreasing water flows [6]. With the same level
0304-3894/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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of pollutant inputs, especially from Wastewater Treatment Plants
(WWTPs), a  reduction in the water flow in  rivers results in  an
increase in the concentration of pollutants and their associated tox-
icities [7] endangering water quality and fluvial communities [8].
Several works highlight the presence of EDCs in WWTP effluents in
Mediterranean rivers mainly in industrial and urban areas [8–12].
Some of the  harmful effects that are  observed in  freshwater
organisms and may  be  caused by endocrine-disrupting mecha-
nisms, as summarized by Colborn et al. [13], include effects on
reproduction and development, defeminization and masculiniza-
tion, decreased fertility, hatching success, or hermaphroditism,
generally described for fish and gastropods. The majority of eco-
toxicological laboratory tests focus on toxicity assessments with
individual chemicals under simulated or controlled conditions,
whereas only a few studies address more realistic environmental,
multi-compound situations [14]. In  situ tests are one way to address
this problem, where standard or target organisms are exposed
directly in the field [15]. Bioassays with caged, single species have
been used to  determine the  toxic effects of pollutants in situ for
invertebrates [16,17]. One key advantage of these  bioassays is their
greater relevance to the natural situation, especially with respect
to pollution. Additionally, in situ bioassays enable the detection of
effects in caged individuals more rapidly (hours to days) comparing
with the time needed to observe changes in community structure
(months to  years) [16].  This methodology has enabled the detection
of lethal and sublethal responses in invertebrates that are biologi-
cally linked to key ecological processes, such as detritus processing,
algal grazing rates, growth and reproduction. Nevertheless, most of
these studies have been designed to detect major point contami-
nant impacts, such as the effects of pesticides after  application or
rainfall runoff of metals from mine drainage [18,19] and industrial
effluent discharges [20]. Less is  known about its effectiveness at
detecting sublethal effects on aquatic organisms that are chron-
ically exposed to multiple environmental factors or/and to low
levels of contamination [16].
Gastropod snails have been reported to  be  excellent test orga-
nisms for the determination of endocrine disrupting effects [21,22].
The fact that their hormone system appears to be quite unique for
invertebrate species and is  to some extent comparable to those of
vertebrates [23] may  provide new alternatives for the replacement
of vertebrate animal testing. Some gastropod species have been
reported to be tolerant of various stressors but especially sensitive
to EDC pollution [25].
With these points in  mind, the major objective of this current
work is to  study the survival and reproduction of Physella acuta
in three Mediterranean basins where EDCs have been detected
using the in situ bioassay methodology. P.  acuta has high repro-
duction rates, passive dispersal capacities and resistance against
perturbations, pollution and a broad thermal tolerance [26]. This
species is present in  the sampled rivers; therefore, this approach
provides the unique opportunity to link observed effects directly
to field populations. Additionally, the results of the snail measure-
ments were contrasted with the EDC concentrations in river  water
and their estrogenic equivalent quotients (EEQs). We hypothesized
that the reproductive performance (number of clutches, eggs and
hatching) of the snails would differ from control conditions at
those sites and rivers with  higher EDC concentrations in  the river
water.
2. Materials and  methods
2.1. Study area
The experiment was  conducted in three rivers of the Iberian
Peninsula: the Ebro, the Llobregat and the Júcar (Fig.  1).  The climate
Fig. 1.  Study sites in the Ebro, Llobregat and  Júcar basins (Iberian Peninsula).
in  these basins is Mediterranean, with  mild and moderately moist
winters, warm,  dry summers and irregular rainfall concentrated in
the spring and autumn. Only the  upper portion of the Ebro basin has
a more continental climate. The three watersheds are highly popu-
lated, and have important agricultural areas and industrial clusters
that depend on the surface and groundwater resources and water
transfers.
The Llobregat River is  156 km long and drains a 4.957 km2 catch-
ment. It is  subject to  heavy anthropogenic pressure (4.5 million
inhabitants in  the  valleys), receiving extensive urban and industrial
wastewater discharges as well as surface runoff from agricultural
areas that cannot be diluted by its natural flow, mostly in the
dry seasons. Consequently, the water has a high  concentration of
nutrients and priority and emerging pollutants [27] with important
effects on biological communities [28,39] and ecosystem function-
ing [29,30].
The Ebro River is 910 km long and drains an  area of 85.534 km2
from north central to northeast Spain. It has a complex hydrologic
regime because it  receives water from tributaries with different
climates. Despite its larger size, it  has a smaller population than
the Llobregat, some 2.7 million inhabitants, of which 45% live  in
the five biggest cities in  the region located mainly at the middle
section [30].  The Ebro watershed is one  of the most agricultural irri-
gated regions in  Spain, although recently the industrial sector has
become increasingly important. Consequently, a broad spectrum of
emerging contaminants has been found recently in  the water and
sediment [31].
The Júcar River is 498 km long and drains a 21.632 km2 catch-
ment. The one million people living in  the basin use the available
water intensively [32].  Agriculture accounts for most of the water
demand, but industrial and urban demands are increasing. The
Júcar is  highly regulated, and the  management of the system is
very complex, which leads to considerable hydrologic fluctuations.
In the  middle region, agriculture causes high nitrate concentrations
in  groundwater and surface water, whereas in the lower region,
there is a combination of agriculture, urban, and industrial pollution
[33,30].
A total of 12 sites were selected: 3 in the  Ebro, 4 in the Llobregat
and 5 in  the Júcar basin (Fig. 1). Sites were selected along the rivers
to represent pollution gradients.
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Table 1
EDCs detected in the three basins, grouped by chemical families. E2  equivalent values were included for those compounds with bibliographic information available.
Family Endocrine disrupting compound E2 equiv. (mg/L)
Azoles 1H-benzotriazole (BT) 7.286 × 10−6
Tolytriazol (TT)
Benzylparaben
Parabens Propylparaben
Ethylparaben
Methylparaben
Bisphenol Bisphenol A (BPA) 2.43 × 10−5
Cardiac and respiratory stimulant Caffeine
Estradiol 17-glucuronide (E2-17G) 1.0000
Estriol (E3) 0.3448
Estrogens Estriol 16-glucuronide (E3-16G)
Estrone (E1) 0.01886
Estrone 3-glucuronide (E1-3G)
Nonylphenol (NP) 5.05 × 10−4
Nonylphenol diethoxylate (NP2EO) BDLa
Alkylphenols Nonylphenol monocarboxylate (NP1EC) BDL
Octylphenol (OP) 2.13 × 10−4
Octylphenol diethoxylate (OP2EO)
Antibacterial, antifungal Triclosan
Tris(2-chloroethyl) phosphate (TCEP)
Phosphate flame retardants Tris(butoxyethyl) phosphate (TBEP)
Tris(chloroisopropyl) phosphate (TCCP)
Analgesic; antipyretic Acetaminophen Phenazone
Bezafibrate
Lipid regulators Gemfibrozil
Antihistamine Cimetidine
Diuretic Furosemide
a BDL, below detection limit.
2.2. Chemical analyses
The sampling parameters that were measured included oxy-
gen, pH and conductivity, which were measured in the field (WTW
Meters, Weilheim, Germany), and nutrients, which were analyzed
following the standard procedures [34]. Temperature was mea-
sured continuously during the experiment at each site at  the water
authorities’ gauging stations (Confederación Hidrográfica del Ebro
CHE, Confederación Hidrográfica del Júcar CHJ, Agencia Catalana de
l’Aigua ACA).
A total of 27 compounds from 11 chemical families (Table 1)
were analyzed in  the  water samples, which were taken simul-
taneously with the cage experiment samples (see below). Water
samples were analyzed by dual column liquid chromatography
switching system coupled to  mass spectrometry (EquanTM Direct
Injection Technology LC–LC–MS/MS from Thermo Scientific) using
a method developed by  Gorga et al. [35].  Beside well known EDCs
such as natural and synthetic hormones, BPA, alkylphenolic com-
pounds, the list of target compounds also  includes some related
compounds which are  suspect EDCs, such as parabens, benzo-
triazoles, phosphate flame retardants, selected pharmaceuticals,
triclosan. Table 1 lists compounds detected in  analyzed samples.
Relative estrogenicity factors [36], determined for each EDCs
through recombinant yeast assay (RYA) were used in order to esti-
mate the estrogenic activity of the compounds detected in  water
samples. Relative estrogenicity factors were defined as the EC50 of
each compound relative to the  EC50 of 17-b-estradiol. The EC50 is
defined as the contaminant concentration that produces 50% max-
imal response estrogenic thereof. Using the  relative estrogenicity
factor (E2 equivalents, Table 1) and detected concentrations for
each compound (Ci) estradiol equivalents (EEQ) were calculated:
EEQ (ng/L) = Ci ×  E2 equiv.
The estrogenic activity was evaluated only for those groups
of EDCs  that have estrogenicity relative values from the  study of
Céspedes et al. [36]: natural and synthetic estrogens and their con-
jugates, alkylphenolic compounds, anti corrosives and plasticizer
BPA.
2.3. In  situ cage experiment
Physella acuta is a gastropod common in Mediterranean fresh-
waters. Snails were collected from an undisturbed river (la Llèmena,
Catalonia, northeast Spain) and reared in  aquaria for 2–3 days
before setting the  cages in the river.
Eight adult individuals of the snail Physella acuta were trans-
planted into cylindrical cages (750 cm3 volume) that were made of
poly(methyl methacrylate) at the  different sites.  Cages were spe-
cially designed to allow water to  pass through and contained food
(TetraMin fish food) to meet the nutritional needs of the  snails.
Six cages were placed at each site. At the  same time, controlled
laboratory experiments were developed. Two controls were per-
formed (15 ◦C and 22 ◦C) according to the range of temperatures
that was found in the rivers to  correct the effect of temperature on
reproduction.
After 8  days, the  adults and clutches were collected and pre-
served with ethanol (70%) for laboratory analyses. The end  points
included mortality, number of clutches, total number of eggs and
embryo development. Embryos were differentiated in  4  develop-
mental stages: morulae, trocophore, veliger and juvenile (Fig. 2).
The last stage was  considered complete development.
2.4. Statistical analyses
The normality and homoscedasticity of the  data set were tested
with Kolmogorov–Smirnov tests. Chemical and environmental
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Fig. 2. Mean proportions of the different developmental stages at the  sites and  control, corresponding to  22 ◦C.  M, Morula; T, Trocophore; V, Veliger; J,  Juveniles. Legend: s:
shell; h: heart; me:  mantle; t:  tentacle; e: eye; f: foot.
variables were log transformed when necessary to  fulfill normal-
ity and homoscedasticity assumptions. Analyses of the  variance
(one way-ANOVA) followed by  Dunnet’s post hoc tests were per-
formed to detect differences in reproduction endpoints and embryo
development between laboratory control and experimental sites.
Hatching and egg development depend on temperature, which was
different at each site. Reproductive variable data from lab  and field
tests were expressed relative to the accumulated degree-days (DD,
daily average temperature multiplied by the  number of days) to
contrast the data among sites. Pearson’s correlation coefficients
(significant correlation at p <  0.05) among the biological response
variable (reproduction), EDC concentrations, EEQ values, and envi-
ronmental variables were calculated.
Statistical analyses were performed using SPSS software, PASW
Statistics, Version 18.0. Chicago: SPSS Inc.
3. Results
3.1. Chemical analyses
The physicochemical water characteristics are summarized in
Table 2.  Conductivity ranged from 400 to  700 in the  Ebro, 1400 and
2300 in the Llobregat, and 800 and 1400 mS/cm in  the Júcar, increas-
ing downstream in all three rivers. Oxygen saturation ranged from
70% to 110%, with less oxygenated sites located downstream (EBR2,
EBR3, LLO7 and JUC7). The pH was fairly constant at  all of the sites,
with a mean value of 8.3. The range of temperatures was quite
wide, from 13 ◦C  upstream of the  Ebro to  26 ◦C  downstream of the
Llobregat, which was the warmest river.
The concentrations of EDCs were in the range of ng/L  at  all of
the sites with, the exception of some families in  the LLO7, for which
the concentration of alkylphenols, flame retardants and, especially,
azoles, were at the  range of mg/L  (Fig. 3A).  Additionally, a high con-
centration of azoles was measured at  EBR3. At most of the sites,
the highest concentrations corresponded to the family of azoles,
mainly due to  the high loads of 1H-benzotriazole.
From the  EDCs that were analyzed, only the values of EEQs for
six compounds were included (Fig. 3B).  The EEQ and concentration
patterns along the  rivers were quite different. LLO4 and JUC5 had
higher EEQ values despite their lower concentrations with respect
to the other sites on the same rivers. The highest values correspond
to those sites with  highest concentrations (EBR3, LLO7). The hor-
mone estrone had a high EEQ value at almost all of the sites, with
the exception of JUC6. Nonylphenol’s EEQ was also  high at JUC5,
LLO4 and especially at  EBR3 (Fig. 3B). Octyphenol was also present
in the total EEQ at LLO7.
3.2.  In situ cage  experiment
No significant mortality with respect to the laboratory control
was detected during the  8  days of the  experiment. The number of
clutches hatched per  snail ranged from 0.5 to 3. Once corrected
by  degree-days, there were differences with  respect to the control
at most sites on the Ebro and Llobregat Rivers (ANOVA, p =  0.004
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Table 2
Physicochemical data for the  12 sites at  the beginning and end of the experiment. C15: control at15 ◦C. C22: control at 22 ◦C.
Conductivity (mS/cm) O2 (mg/L) O2 (%) pH Mean temperature (◦C)a Accumulated degree-days
Day 0 Day 8  Day  0 Day  8  Day 0 Day  8  Day 0 Day 8
C15 1112 826 8.68 9.22 92.4 94.6 8.31 8.39 15  120
C22 1060 932 7.61 8.29 92.6 97.5 8.43 8.5 22  176
EBR1 387 387 9.38 9.72 100.6 105.2  8.61 8.62 13.21 105.7
EBR2 449 488 5.93 5.45 72.1 66.1 8.18 7.72 23.22 185.8
EBR3 496 700 6.53 6.66 81.1 94 8.24 8.39 22.51 180.1
LLO3 1443 1152 9.69 9.3 110.1 105.3  8.42 8.4 20.20  141.1
LLO4  1317 1310 8.87 8.97 107.3 106.9  8.48 8.68 23.05 161.4
LLO5  2460 1818 9.67 9.94 119.4 122.5  8.33 8.49 25.10 175.7
LLO7  2340 2230 7.56 7.4 85.5 90.8 7.61 7.86 25.65 179.6
JUC2  1082 780 7.9 9.52 83.4 101.7  8.28 8.4 13.80 96.6
JUC4  830 870 9.26 8.25 99.8 86 8.69 8.26 14.72 117.8
JUC5  857 851 9.01  9.52 93.5 105.3  8.45 8.59 15.40 107.8
JUC6 1048 1046 9.21 9.57 111 112.3  8.5 8.6 23.10 161.7
JUC7  1399 1448 7.81 7.66 88.4 82.8 7.92 8.01 19.55 146.6
a Mean value of temperature and accumulate degrees, calculated from the continuous data (from the water agencies: CHE, ACA, CHJ).
and p = 0.0001, respectively; Fig. 4A) but not in Júcar River. In both
rivers, the number of clutches decreased toward the lower reaches.
The mean number of  eggs per clutch was quite variable, ranging
from 25 at EBR2 to 65 at LLO7. There were significant differences
with respect to the  control at all of the sites on the Llobregat
River and in two sites on the Júcar River, which increased down-
stream (ANOVA, p  = 0.0001; Fig. 4B). The total mean number of eggs
hatched per snail during the 8  days ranged from 20 to 150. Once
the effect of temperature was corrected, the number of  eggs per
Fig. 3. (A) Concentration of EDC families (mg/L) in  the  three basins. (B) EEQs (mg/L)
for  those EDCs with estrogenic activity reported in literature.
snail was  lower with respect to the  control at downstream sites on
the Llobregat River (LLO7) (ANOVA, p =  0.04) and at two  sites on the
Ebro River (EBR1, EBR3) (ANOVA, p =  0.001; Fig. 4C).  In summary,
although the number of eggs per clutch increased downstream, the
total number of clutches decreased, causing the total number of
eggs to decrease, especially at EBR3 and LLO7.
3.3. Embryo development
The  development of snails reached the juvenile stage at  those
sites with  higher temperatures (mean values of approximately
20 ◦C and more than 140 accumulated degree-days), which were
located at  the  lower part of the studied reaches in  the Ebro and
Júcar Rivers, and, in the case  of the Llobregat River, at all of the
sites. Significant differences from the  control were observed in  the
number of juveniles at JUC6, JUC7 and EBR3. At these sites, the pro-
portion of juvenile snails (i.e., completely developed) was lower
with respect to the control (Dunnett’s test, p  <  0.05). No differences
were observed in the proportions of the other developmental stages
(Fig. 5).
3.4. Relationships between reproductive end points and water
chemistry
Correlation coefficients (Table 3)  calculated with the  data
from the three basins indicated a significant positive relationship
between the number of eggs per clutch and BPA, lipid regulators
and diuretic concentrations. This relationship was also significant
for the sum of  all  of the EDCs. Correlations with the EEQ values were
only significant for BPA.
4. Discussion
This  study was designed to quantify the  reproductive perfor-
mance of the  snail Physella acuta using an in situ cage experiment in
Table 3
Significant Pearson correlation coefficients among the reproduction endpoints and
EDCs (concentrations and EEQs) (n = 12).
eggs clutch−1
Bisphenol A 0.745**
Diuretics 0.658*
Lipid regulators 0.600*
EEQ Bisphenol A 0.745**
Sum EDCs 0.658*
Sum EEQs 0.676*
* Significance at the 0.05  level.
** Significance at the 0.01  level.
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Fig. 4. Box plots for reproductive end points of Physella acuta in  the three basins. C22: control at 22 ◦C, C15: control at 15 ◦C. (A) Number of clutches hatched per individual
per degree-days (DD). (B) Number of eggs per clutch. (C) Total number of eggs hatched per individual per DD.
three rivers on the  Iberian Peninsula. Changes in  reproductive end-
points and development of the snails were detected downstream
of the basins, and the results for laying variables (number of eggs
per clutch, total number of eggs  and clutches per individual) were
correlated with the concentration of the  EDCs that were analyzed
simultaneously in  water samples. The presence of different EDCs
was detected at all of the  sampling sites in  the three basins. The
highest values were discovered in  the Llobregat and Ebro Rivers
downstream of the studied reaches. The highest concentrations
in all of basins corresponded to the  family of azoles, along with
alkylphenols, and phosphate flame retardants. When we analyzed
the estrogenic activity in the  water, expressed as  estradiol equiva-
lents (EEQs), for some of the most abundant compounds in the  river
samples, the highest risk was observed at the same sites where the
total EDC concentration was high and was predominantly associ-
ated with estrone and alkylphenols.
Over the last few decades, studies have demonstrated estro-
genic effects in  vertebrates and invertebrates. Purdom et al. [37]
reported an induction of estrogenic responses in fish that were
0%
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Veliger
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* *       *
Fig. 5.  Mean proportions of the  different developmental stages at the sites and
control corresponding to 22 ◦C.
exposed to natural and synthetic hormones in water at concen-
trations of 0.1–1 ng/L. Young et al. [38] proposed a tentative long
term predicted no-effect concentration (PNEC) for freshwater fish
of 1 ng/L for estradiol (E2) based on a thorough literature review.
Thus, EEQ values higher than 1  ng/L in the  aquatic environment may
cause reproductive problems in some fish. In our three rivers, the
concentrations were higher than 0.1 ng/L except for EEQs, which
were lower than 1  ng/L. However, not all of the compounds present
in the water had literature values for estrogenicity, and our total
EEQ calculation only included six compounds. There is  also strong
evidence from laboratory studies to  suggests the potential for sev-
eral EDCs to cause endocrine disruption in freshwater mollusks
at environmentally realistic exposure levels [24,39]. Therefore, the
concentrations that we measured in our study rivers could poten-
tially cause endocrine disruption effects in snails, as  evidenced by
changes in  reproduction.
Our study detected significantly lower numbers of eggs and
clutches downstream that could indicate a  decrease in total fer-
tility and a higher number of eggs  per  clutch. Segner et al. [40]
reported the same result (an increase in  the number of eggs per
clutch) for Lymnaea stagnalis,  another freshwater gastropoda, that
were exposed to ethynylestradiol (EE2) under laboratory condi-
tions. They also discovered disturbances in egg hatching, a decrease
in the growth of second generation snails and an alteration of their
protein metabolism (LOEC: 50–500 ng/L). Exposure of the freshwa-
ter prosobranch Potamopyrgus antipodarum to up to 25 ng/L of EE2
stimulated the  embryo production of the snails, whereas higher
concentrations led to inhibitory effects. This reverse U-shaped pat-
tern in  the response was also observed after exposure to two
other EDCs: BPA and OP, although at higher concentrations [24].
In natural systems, Jobling et al. [24] reported that an exposure
to estrogenic sewage effluent resulted in an increased reproduc-
tive output. Oehlmann et al. [41] reported effects on reproduction
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and sexual development in prosobranch snails that were exposed
to EDCs at environmentally relevant levels, reflecting their high
susceptibility to EDCs in general. The changes in  reproductive per-
formance that were observed in this  study could be related to  the
concentration of EDCs.
Higher numbers of eggs per clutch were significantly correlated
with higher concentrations of total EDCs. The highest coefficients
were observed for BPA, followed by lipid regulators (bezafibrate,
gemfibrozil) and the diuretic furosemide. The EEQ for BPA was also
positively correlated with this measure. Isidori et al.  [42] found evi-
dent estrogenic activity for bezafibrate and gemfibrozil in  an  in vitro
yeast estrogen screen assay. In a caged in situ experiment with P.
antipodarum, Schmitt et al. [17] reported a significant increase in
snail reproduction when certain groups of  estrogenic compounds,
mainly estrone and nonylphenol, were present in  the  river. BPA has
been reported to inhibit the binding of natural androgens to  the
androgen receptor. Lewis et al. [43] described significant increases
in estrogen concentrations in adult females and juveniles of the
amphipod Gammarus pseudolimnaeus at low BPA concentrations
(10 mg/L) with potential effects on population sex-ratio and oocyte
structure. Despite increasing the number of  eggs per clutch, the
lower total number of clutches leads to a  lower total number of eggs
in the most polluted sites. However, these data must to be handled
with care when extrapolating to natural populations, because they
only demonstrate a statistical relationship that describes the prob-
ability that endocrine disrupting compounds could be  responsible
for the observed effects on snail reproduction.
Physella acuta had a high resistance and adaptability to dif-
ferent environmental conditions that were found in  the studied
basins. This effect was reflected in the high survival rate at all
sites, which makes them appropriate subjects for testing sub-lethal
responses. However, this species is  a hermaphrodite, and the  effects
on the reproductive pathways and performances in hermaphroditic
species are more subtle due  to the complex sexual apparatus and
the variety of reproductive strategies that  can take  place simulta-
neously (e.g., self-fecundation vs. outcrossing) [44]. In these species,
where sexual differentiation cannot be used as an effective crite-
rion, it is important to investigate other more suitable endpoints
(i.e., oviposition, fecundity and embryonic development). In this
work, along with changes in  laying, the downstream sites in  the
Jucar and Ebro Rivers had lower proportions of total  embryo devel-
opment. Surprisingly, the same result was not observed in  the
Llobregat River, where the total EDC concentrations were higher.
Sieratowicz et al. [45] reported that  the number of embryos per
clutch increased due to  the presence of  BPA. They explained that
neonates are more sensitive than embryos to BPA (1–2 d  exposure,
10–50 mg/L). Czech et al. [46] observed that the percentage of suc-
cessfully hatched eggs was lower in  Lymnaea stagnalis that were
exposed to different EDCs, and Sánchez-Argüello et al. [47] high-
lighted the fact that  P.  acuta embryos that were exposed to BPA
suffered significantly reduced hatchability at  0.5 mg/L. Thus, BPA
was present at almost all of the sites and, jointly with other EDC
inputs, may  be responsible for the  lower number of juveniles.
Impaired reproduction and development that are causally
linked to endocrine-disrupting chemicals are well documented in
a number of species and have resulted in local or regional popu-
lation changes [48].  Although most studies have  described results
related to heavily polluted areas, endocrine disruption is a poten-
tial global problem. A decrease in the total  number of eggs at sites
with the highest EDC concentrations, the higher number of eggs in
clutches observed downstream, the impairment of embryo devel-
opment, and the statistical correlation between some families of
EDCs and reproductive variables indicates that this  problem is  also
important in Mediterranean basins. The reduction in fertility in the
cage experiment may indicate a potential decline in population
density in natural systems, as was observed in  local  populations
of  marine snails that were exposed to tributyltin (a biocide used in
antifouling paints) worldwide [41]. However, these changes should
be  confirmed with  analyses of natural snail population in studied
rivers.
5. Conclusion
Based on an in situ  experiment, we  discovered effects on repro-
ductive performance in Physella acuta that were exposed to natural
conditions in  three Iberian basins along pollution gradients. A
higher number of eggs per clutch but a lower number of total
eggs and clutches per snail were found in the most polluted sites.
The higher number of eggs per clutch was  significantly related to
higher concentrations of total EDCs, mainly BPA, lipid regulators
and diuretic compounds. These endocrine-disrupting chemicals
may  represent a toxicological risk for the reproductive perfor-
mance of snails in the  studied basins. This risk could increase during
drought periods in  Mediterranean rivers. This field experiment pro-
vides stronger evidence than studies based only on laboratory work
and will help to  focus management decisions.
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